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ABSTRACT
A n g u la r  d i s t r i b u t i o n s  a n d  e x c i t a t i o n  f u n c t i o n s  h a v e  b e e n  
m e a su re d  f o r  t h e  f o l lo w in g  r e a c t i o n s ;  B e'^(H e^,n)C 1 1 , L i^ (H e ^ ,n )B ^  
a n d  C1^(H e ’̂ n ) 0 1 ^ ,  b y  t i m e - o f - f l i g h t  t e c h n iq u e s .  T h ese  m easu rem en ts  
w ere  made w i th  t h e  Oak R idge  N a t io n a l  L a b o ra to ry  3 Mev p u l s e d  Van de 
G r a a f f  a c c e l e r a t o r  w h ich  h a s  b e e n  m o d if ie d  t o  g iv e  t im e  r e s o l u t i o n  
c a p a b i l i t i e s  o f  4 mp. s e c  f o r  n e u t r o n s .
D i s t o r t e d  a n d  p la n e  wave s t r i p p i n g  c a l c u l a t i o n s  h av e  b e e n  made 
i n  a n  a t te m p t  t o  f i t  t h e  m e a su re d  a n g u la r  d i s t r i b u t i o n s .  I n  t h e  
d i s t o r t e d  wave c a l c u l a t i o n s  t h e  d i s t o r t i o n  i s  in t r o d u c e d  by  s c a t t e r i n g  
fro m  b o th  t h e  Coulomb f i e l d  a n d  t h e  n u c l e a r  o p t i c a l  p o t e n t i a l , .  The 
c a l c u l a t i o n s  show t h a t  t h e  d i s t o r t e d  wave a n g u la r  d i s t r i b u t i o n s  can  
be made t o  f i t  t h e  d a t a  w h i le  t h e  p la n e  wave c a l c u l a t i o n s  f a i l  e x c e p t 
f o r  th o s e  a n g u la r  d i s t r i b u t i o n s  w h ich  a r e  p e a k e d  s t r o n g ly  i n  t h e  f o r ­
w ard  d i r e c t i o n .
F o r t h e  B e ^ (H e ^ ,n )C ^  r e a c t i o n  r e s o lv e d  n e u t ro n  g ro u p s  w ere
s e e n  f o r  t h e  g ro u n d  s t a t e  a n d  t h e  f i r s t  f o u r  e x c i t e d  s t a t e s  ( l - 9 9 >
XL4 .2 6 ,  4 .7 5 ,  a n d  6 . 5O Mev) i n  C . E x c i t a t i o n  f u n c t io n s  w ere  m e asu re d  
a t  0 °  a n d  9 0°  f o r  He^ e n e r g i e s  from  .5  t o  2 .7  Mev a n d  a n g u la r  d i s t r i ­
b u t io n s  m e asu re d  a t  2 .1  Mev. From t h e  d i s t o r t e d  wave c a l c u l a t i o n s  
t h e  f o l lo w in g  s p in  a n d  p a r i t y  a s s ig n m e n ts  have b e e n  m ade; n o ( l / 2 *" -> 7 /2  
n ^ l / 2 "  -» 7 / 2 - ) ,  n 2 ( l / 2 " -* 7 / 2 “ ) ,  a n d  ^ ( 3/ 2 " ) .
F o r t h e  L i ^ H e ^ n j B 9 r e a c t i o n  n e u t ro n s  fro m  t h e  g ro u n d  s t a t e  
w ere  c l e a r l y  r e s o lv e d  from  t h e  u n r e s o lv e d  se c o n d  a n d  t h i r d  e x c i t e d
x i i
s t a t e s .  An e x c i t a t i o n  f u n c t i o n  -was m e a su re d  fro m  .5  t o  2 .7  Mev a t  0 °  
a n d  a n  a n g u la r  d i s t r i b u t i o n  w as ta k e n  a t  2 .1  Mev f o r  t h e  g ro u n d  s t a t e  
g ro u p . D i s t o r t e d  w ave c a l c u l a t i o n s  g iv e  a  s p in  a n d  p a r i t y  a s s ig n m e n t 
o f  ( l / 2 -  -» 7 / 2 " )  f o r  t h i s  g ro u p .
F o r  t h e  C1 ^ (H e ^ ,n )0 1^ r e a c t i o n ,  r e s o lv e d  n e u t r o n  g ro u p s  w ere
I K
s e e n  f o r  t h e  g ro u n d  s t a t e  a n d  t h i r d  e x c i t e d  s t a t e  ( 6 .1 5  Mev) i n  0 .
E x c i t a t i o n  f u n c t i o n s  w ere  m e a su re d  fro m  1 t o  2 .7  Mev a t  0 °  a n d  90 °•
The m ost o u ts ta n d in g  f e a t u r e  o f  t h e  e x c i t a t i o n  f u n c t i o n  i s  t h e  r e s o n a n c e  
a t  a  He c e n t e r  o f  m ass e n e rg y  o f  1 .5 5  Mev. T h is  r e s o n a n c e  c o r r e s p o n d s  
t o  a  new s t a t e  i n  O1^  a t  a n  e x c i t a t i o n  o f  24.01* Mev. T h is  s t a t e  h a s  
a  l a b o r a t o r y  w id th  o f  ~  100 k e v .  A n g u la r  d i s t r i b u t i o n s  w ere  m e asu re d  
f o r  t h e  g ro u n d  a n d  t h i r d  e x c i t e d  s t a t e s  a t  2 .6 6  Mev. From t h e  d i s ­
t o r t e d  wave c a l c u l a t i o n s  t h e  f o l lo w in g  s p in  a n d  p a r i t y  a s s ig n m e n ts  h av e  
b e e n  m ade; n Q( l / 2 ” ) a n d  n ^ ( ^ /2 + -» rj / 2 + ) .
I n  summary i t  m ig h t b e  s a i d  t h a t  t h e  a n g u la r  d i s t r i b u t i o n s  fro m  
t h e  (H e ^ ,n )  r e a c t i o n s  s tu d i e d ,  th o u g h  com plex  i n  n a t u r e ,  c a n  be  f i t t e d  
w i th  d i s t o r t e d  wave c a l c u l a t i o n s , ev en  a t  low  e n e r g i e s .  F u r th e rm o re
O
i t  a p p e a r s  t h a t  t h e  (He ,n )  r e a c t i o n s  c a n  b e  u s e d  t o  make s p in  an d  
p a r i t y  a s s ig n m e n ts  t o  many o f  t h e  p r o to n  r i c h  n u c l id e s  w h ich  a r e  
v i r t u a l l y  i n a c c e s s i b l e  by  o t h e r  r e a c t i o n s .
CHAPTER I
INTRODUCTION 
I .  THE IMPORTANCE OF He3 REACTIONS
3
I t  h a s  h e e n  known f o r  m any y e a r s  t h a t  t h e  i n v e s t i g a t i o n  o f  He 
in d u c e d  r e a c t i o n s  m ig h t h e  a  p r o d u c t iv e  s o u rc e  o f  n u c l e a r  d a t a .  B ecause  
o f  t h e  h ig h  m ass e x c e s s  o f  t h e  He p a r t i c l e  (1 5 -8  M ev), r e a c t i o n s  i n ­
d u ced  by i t  a r e  c h a r a c t e r i z e d  by h ig h  Q v a lu e s  a n d  t h e r e f o r e  compound
3
sy s te m s  w h ich  a r e  h ig h ly  e x c i t e d .  The m ed ian  b in d in g  e n e rg y  f o r  HeJ  i n ­
d u ced  r e a c t i o n s  w i th  l)-0 < A i s  17 Mev. As a  r e s u l t  o f  t h i s ,  r e l a t i v e l y
3
low  e n e rg y  a c c e l e r a t o r s  c a n  be u s e d  w i th  He t o  r e a c h  r e g io n s  o f  e x c i ­
t a t i o n  w h ich  w o u ld  b e  i n a c c e s s i b l e  w i th  p r o to n s  o r  d e u te ro n s  a n d  t h e  
same a c c e l e r a t o r .  I t  h a s  a l s o  b e e n  p o in t e d  o u t  (B r 5 8 ) t h a t  t h e  p r o b a ­
b i l i t y  o f  p -w ave o r  h ig h e r  a n g u la r  momenta i n t e r a c t i o n s  r e l a t i v e  t o
3
s-w ave  s h o u ld  b e  g r e a t e r  f o r  He t h a n  f o r  p r o to n s  o r  d e u te ro n s  o f  t h e
3
same e n e rg y . T h is  i s  t r u e  s in c e  t h e  He p a r t i c l e  h a s  a  l a r g e r  r a d i u s  a n d  
a  g r e a t e r  m ass t h a n  e i t h e r  p r o to n s  o r  d e u te ro n s  a n d  t h e r e f o r e  a t  t h e  same 
e n e rg y  i t  w o u ld  h av e  a  l a r g e r  r e l a t i v e  o r b i t a l  a n g u la r  momentum.
3
From t h e  p o in t  o f  v iew  o f  s tu d y in g  r e a c t i o n  m echanism s He 
in d u c e d  r e a c t i o n s  a r e  p a r t i c u l a r l y  i n t e r e s t i n g .  I t  i s  e x p e c te d  t h a t
O
(He ,n )  r e a c t i o n s  w ou ld  p ro c e e d  i n  a  r a t h e r  c o m p lic a te d  f a s h io n .
T h is  c o m p le x ity  i s  a  d i r e c t  c o n se q u e n c e  o f  t h e  i n t e r m e d i a t e  b in d in g  
3
e n e rg y  o f  t h e  HeJ  p a r t i c l e .  I t  i s  p r e d i c t e d  t h a t  b o th  " d i r e c t  i n t e r ­
a c t i o n "  an d  "com pound n u c le u s "  w o u ld  p la y  im p o r ta n t  r o l e s  i n  d e s c r ib i n g
t h e s e  r e a c t i o n s .  Of c o u r s e  a t  t h e  h ig h e r  He^ e n e r g i e s  t h e  d i r e c t  
p r o c e s s  s h o u ld  be m ore p re d o m in a n t . H ow ever, ev en  a t  t h e  h ig h e r  e n e r g i e s  
i t  w o u ld  seem u n l i k e l y  t h a t  t h e  r e a c t i o n s  w ou ld  p r o c e e d  by  a  p u r e ly  
d i r e c t  p r o c e s s .  U n f o r tu n a te ly  t h e r e  h av e  b e e n  v e ry  few  m easu rem en ts  
made on (He ,n )  r e a c t i o n s .  I n  p a r t i c u l a r  t h e  e x c i t a t i o n  f u n c t io n s  an d  
a n g u la r  d i s t r i b u t i o n s  o f  i n d i v i d u a l  l e v e l s  i n  t h e  r e s i d u a l  n u c le u s  h ave  
n o t  b e e n  s tu d i e d  i n  an y  d e t a i l .  Some m easu rem en ts  h a v e  b een  r e p o r t e d  
on t h e  m i r r o r  r e a c t i o n  (H e ^ ,p ) ,  (Wo 5 9 , Ho 5 6 , Ho 5 9 , Sh 5 6 , Hi 59 ,
Hi 5 9 a ) . T h ese  m easu rem en ts  i n d i c a t e  t h a t  in d e e d  t h e  (H e ^ ,p )  r e a c t i o n s  
do p ro c e e d  i n  a  r a t h e r  c o m p lic a te d  m anner. T h e re  i s  e v id e n c e  o f  b o th  
"compound n u c le u s "  f o r m a t io n  a n d  " d i r e c t  i n t e r a c t i o n . "  In  a d d i t i o n  t o  
t h e s e  t h e r e  i s  t h e  p o s s i b i l i t y  o f  "heavy  p a r t i c l e "  s t r i p p i n g  (Ow 5 7 )-  
T h is  m odel m ig h t become im p o r ta n t  i n  t h e  d e s c r i p t i o n  o f  b o th  (He ,p )
■D
a n d  (He , n )  r e a c t i o n s .  The a v a i l a b l e  e x p e r im e n ta l  d a t a  on b o th  o f  
t h e s e  r e a c t i o n s  below  a  He^ e n e rg y  o f  k Mev, i n d i c a t e s  t h a t  t h e r e  a r e  
l a r g e  b ack  a n g le  c r o s s  s e c t i o n s .  I n  g e n e r a l  "h eav y  p a r t i c l e  s t r i p p i n g "  
a m p li tu d e s  t e n d  t o  show maxima a t  t h e  b ack  a n g l e s .  In  t h i s  m odel i t  i s  
assum ed  t h a t  t h e  o b s e rv e d  p a r t i c l e  comes from  t h e  n u c le u s  o f  t h e  t a r g e t  
w h ile  t h e  He p a r t i c l e  i n t e r a c t s  a s  a  s i n g l e  c o n f ig u r a t io n  w i th  t h e  
r e s i d u a l  c o r e .  Of c o u r s e  t h i s  m odel w ou ld  p ro b a b ly  y i e l d  t o  " d i r e c t  
s t r i p p i n g "  a n d  some "compound n u c le u s "  a t  t h e  h ig h e r  e n e r g ie s  b e c a u se  
o f  t h e  d i f f i c u l t y  o f  t h i s  m odel t o  p r e d i c t  t h e  h ig h  momenta o f  t h e  ob ­
s e r v e d  p a r t i c l e  w h ich  t h e  k in e m a t ic s  o f  t h e s e  r e a c t i o n s  w ou ld  dem and.
■5
In  su m m ariz in g  t h e  above  d e s c r i p t i o n  o f  He in d u c e d  r e a c t i o n s  
a n d  t h e i r  im p o r ta n c e  i t  m ig h t be s a i d  t h a t  t h e r e  a r e  p o s s i b l y  tw o
f e a t u r e s  o f  t h e s e  r e a c t i o n s  w h ich  m akes th em  im p o r ta n t .  The f i r s t  i s  
t h e  f a c t  t h a t  i t  h a s  r e c e n t l y  become a p p a r e n t  t h a t  c o n s id e r a b ly  more 
in f o r m a t io n  ca n  b e  o b ta in e d  a b o u t t h e  d e t a i l s  o f  n u c l e a r  s t r u c t u r e  by 
c a r e f u l l y  s tu d y in g  t h e  r e a c t i o n  m echanism s w h ich  a r e  in v o lv e d  (To 55*
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Wi 5 5 , La 5 7 ) .  From t h i s  p o i n t  o f  v iew  He in d u c e d  r e a c t i o n s  q u a l i f y  
s in c e  th e y  a r e  known t o  p ro c e e d  i n  a  c o m p lic a te d  m an n er. The seco n d  
im p o r ta n t  f e a t u r e  o f  t h e s e  r e a c t i o n s  i s  t h e i r  p o s s i b l e  im p o r ta n c e  a s  
a  s p e c t r o s c o p ic  t o o l .  I f  t h e  r e a c t i o n s  c a n  be  d e s c r ib e d  i n  te rm s  o f  
t h e  a v a i l a b l e  m odels  th e n  s p in  a n d  p a r i t y  a s s ig n m e n ts  c a n  be made f o r  
many o f  t h e  p r o to n  r i c h  n u c l id e s  w h ich  a r e  n o t  r e a d i l y  a c c e s s i b l e  by 
o th e r  r e a c t i o n s .  In  t h e  f o l lo w in g  s e c t i o n s  a  more d e t a i l e d  d i s c u s s io n  
w i l l  be  g iv e n  a b o u t t h e  g e n e r a l  f e a t u r e s  o f  t h e  "compound n u c le u s "  a n d  
" s t r i p p i n g  r e a c t i o n s . "
I I .  REACTION MECHANISMS
Compound n u c l e u s . Many o f  t h e  e j ip e r im e n ta l  o b s e r v a t io n s  on
n u c l e a r  r e a c t i o n s  h av e  b e e n  s u c c e s s f u l l y  e x p la in e d  i n  te rm s  o f  t h e
so  c a l l e d  "compound n u c le u s "  m ode l. I n  t h i s  m odel t h e  i n c i d e n t  p a r t i c l e
i s  assum ed  t o  i n t e r a c t  w i th  t h e  n u c le u s  a s  a  w h o le . D u rin g  t h e  r e a c t i o n
a n  in t e r m e d ia te  s t a t e  i s  assum ed  t o  fo rm . U sin g  a  r e a c t i o n  e q u a t io n
*
t h e  p r o c e s s  c a n  b e  w r i t t e n  a s  f o l l o w s ;  A + a  -»C  -» B + b ,  w here  A
i s  t h e  t a r g e t  n u c le u s ,  a  i s  t h e  i n c i d e n t  p r o j e c t i l e ,  C i s  t h e  i n t e r ­
m e d ia te  s t a t e ,  b i s  u s u a l l y  t h e  o b s e rv e d  p a r t i c l e ,  a n d  B i s  t h e  r e s i d u a l
*
n u c le u s .  This_ s t a t e  C i s  assu m ed  t o  h av e  a  mean l i f e  a n d 'a  d e f i n i t e  
e n e rg y  o f  e x c i t a t i o n  w h ich  i s  g o v e rn e d  by  t h e  k in e m a t ic s  o f  t h e  r e a c t i o n .
The mean l i f e  o f  t h e  "com pound n u c le u s "  i s  assu m ed  lo n g  com pared  t o
t h e  t r a n s i t  t im e  o f  t h e  i n c i d e n t  p r o j e c t i l e  a c r o s s  t h e  r a d i u s  o f  t h e
*
t a r g e t  n u c le u s .  The m ethod  o f  d eca y  o f  t h e  s t a t e  "C " i s  assum ed  i n ­
d e p e n d e n t o f  i t s  m ethod  o f  f o r m a t io n .  T h is  m eans t h e  p o s s i b l e  d eca y
c h a n n e ls  a r e  d e te rm in e d  by t h e  e n e r g e t i c s  a n d  k in e m a t ic s  o f  t h e  r e a c t i o n .
■*
T h e re fo re  s e v e r a l  r e a c t i o n s  c a n  be u s e d  t o  o b s e rv e  t h e  same C . In  
o r d e r  t o  d e s c r ib e  t h e  f e a t u r e s  o f  t h e  a n g u la r  d i s t r i b u t i o n s  a n d  e x c i ­
t a t i o n  f u n c t i o n s  f o r  t h i s  m odel i t  i s  n e c e s s a r y  t o  lo o k  i n  d e t a i l  a t  
t h e  r e g io n  o f  e x c i t a t i o n  o f  t h e  s t a t e  C .
A t low  e n e r g i e s  o f  e x c i t a t i o n  t h e  y i e l d  c u rv e s  f o r  t h e  o b s e rv e d  
p a r t i c l e  may show s h a rp  r e s o n a n c e s  due t o  t h e  i n d i v i d u a l  s t a t e s  i n  t h e  
"compound n u c l e u s . "  A n g u la r  d i s t r i b u t i o n s  m e a su re d  on t h e  low  s i d e  o f  
t h e  r e s o n a n c e  w i l l  b e  s i m i l a r  t o  t h o s e  on t h e  h ig h  s i d e .  I n  g e n e r a l  i t  
c a n  be s a i d  t h a t  t h e  a n g u la r  d i s t r i b u t i o n s  f o r  t h i s  r e g io n  o f  e x c i t a t i o n  
w i l l  e x h i b i t  a  m arked  sym m etry a b o u t 9 °°*
I n  t h e  i n t e r m e d i a t e  r e g io n  o f  e x c i t a t i o n  w here  t h e  a v e ra g e  
l e v e l  d e n s i t y  i n  t h e  "compound sy s te m "  i s  g r e a t e r ,  t h e  a n g u la r  d i s t r i ­
b u t io n s  may s t i l l  be sy m m etric  a b o u t 9 0 °•  However i f  tw o  o r  m ore l e v e l s  
i n t e r f e r e  w i th  each  o th e r  t h e  s in g u la r  d i s t r i b u t i o n s  m ig h t show m arked  
asym m etry  i f  t h e  l e v e l s  a r e  o f  o p p o s i te  p a r i t y .  T h ese  a n g u la r  d i s t r i ­
b u t io n s  w i l l  i n  g e n e r a l  ch an g e  r a p i d l y  a s  a  f u n c t i o n  o f  b om bard ing  
e n e rg y . I n  t h i s  r e g io n  i t  i s  w is e  t o  m easu re  t h e  a n g u la r  d i s t r i b u t i o n s  
a t  c l o s e l y  s p a c e d  in c re m e n ts  o f  e n e rg y .
A t h ig h  e n e r g i e s  o f  e x c i t a t i o n  t h e  l e v e l s  i n  t h e  compound 
n u c le u s  a r e  c l o s e l y  s p a c e d . I n  t h i s  r e g io n  t h e  s t a t i s t i c a l  c a n c e l l a t i o n
5
o f  i n t e r f e r e n c e  te rm s  w i l l  i n  g e n e r a l  g iv e  sm ooth  e x c i t a t i o n  f u n c t i o n s .  
A n g u la r  d i s t r i b u t i o n s  w i l l  a g a in  t e n d  t o  b e  s y m m e tr ic a l a b o u t 9 0 ° .
Thus i t  c a n  be  s e e n  t h a t  t h e  f o r m u la t io n  o f  a  "com pound n u c le u s "  c a n  
p r e d i c t  a  w ide  v a r i e t y  o f  sh a p e s  f o r  t h e  y i e l d  c u rv e s  a n d  t h e  a n g u la r  
d i s t r i b u t i o n s .  I n  t h e  s e c t i o n  t o  f o l lo w  t h e  g e n e r a l  c h a r a c t e r i s t i c s  
o f  t h e  c o m p e tin g  " d i r e c t  i n t e r a c t i o n s "  o r  s p e c i f i c a l l y  " s t r i p p i n g "  
w i l l  b e  d is c u s s e d .
"S t r i p p i n g . " I f  t h e  e n e rg y  o f  t h e  i n c i d e n t  p a r t i c l e  i s  f a i r l y  
h ig h  th e n  t h e r e  i s  a  h ig h  p r o b a b i l i t y  t h a t  t h e  r e a c t i o n  w i l l  p ro c e e d  
i n  a  " d i r e c t "  f a s h io n .  T hese  d i r e c t  i n t e r a c t i o n s  a r e  a l s o  e n h a n c e d  
i f  t h e  low  l y i n g  l e v e l s  o f  t h e  r e s i d u a l  n u c le u s  a r e  t h e  o n es  c h i e f l y  
e x c i t e d .  More s p e c i f i c a l l y  i t  m ig h t be  s a i d  t h a t  t h e  d i r e c t  i n t e r ­
a c t i o n s  a r e  f a v o r e d  when t h e  momenta o f  t h e  i n c i d e n t  a n d  t h e  o b s e rv e d  
p a r t i c l e  a r e  h ig h .  T h a t i s  t o  s a y  t h a t  t h e  "compound n u c le u s "  m odel 
m ig h t w e l l  e x p la in  t h e  a n g u la r  d i s t r i b u t i o n s  a n d  e x c i t a t i o n  f u n c t io n s  
o f  t h e  m ore h ig h ly  e x c i t e d  s t a t e s  ev en  i f  t h e  low  l y i n g  l e v e l s  seem  
t o  p ro c e e d  by  " d i r e c t  i n t e r a c t i o n . " I t  m ig h t be a d d e d  h e r e  t h a t  t h i s  
d o e s n ’t  seem  t o  be  t h e  c a s e  f o r  t h e  (He ,n )  r e a c t i o n s  s tu d i e d  f o r  t h i s  
p a p e r .  Our r e s u l t s  seem t o  show t h a t  a t  l e a s t  i n  tw o  c a s e s  ( th e s e  
w i l l  be  d i s c u s s e d  i n  d e t a i l  l a t e r )  t h e  " s t r i p p i n g "  c a l c u l a t i o n s  show 
b e t t e r  f i t s  f o r  t h e  more h ig h l y  e x c i t e d  s t a t e s  th a n  f o r  t h e  g ro u n d  
s t a t e s  o f  t h e  r e s i d u a l  n u c l e i  f o r  t h e s e  p a r t i c u l a r  r e a c t i o n s .  N ev er­
t h e l e s s  q u a l i t a t i v e  momenta a rg u m e n ts  w o u ld  be  i n  f a v o r  o f  b e t t e r  f i t s  
f o r  t h e  g ro u n d  s t a t e  g ro u p s .  I n  t h e s e  d i r e c t  r e a c t i o n s  i t  i s  assum ed
t h a t  t h e  p a s s a g e  from  t h e  i n i t i a l  c o n f ig u r a t io n  ( t a r g e t  + p r o j e c t i l e )  
t o  t h e  f i n a l  c o n f i g u r a t i o n  (o b s e rv e d  p a r t i c l e  + r e c o i l  n u c le u s )  i s  
in s t a n t a n e o u s .  P ro b a b ly  t h e  m ost fam ous o f  t h e s e  " d i r e c t  i n t e r a c t i o n s "  
i s  t h e  so  c a l l e d  " s t r i p p i n g "  r e a c t i o n .  A t h e o r e t i c a l  t r e a tm e n t  o f  
d e u t e r o n - s t r i p p i n g  r e a c t i o n s  w as f i r s t  p ro p o s e d  by  S e r b e r  (S e  4 7 ) .
However h e  was i n t e r e s t e d  i n  v e ry  h ig h  d e u te ro n  e n e r g i e s  a n d  t h e  t o t a l  
a n g u la r  d i s t r i b u t i o n s  o f  a l l  t h e  o b s e rv e d  p a r t i c l e s  in d e p e n d e n t from  
w h ich  s t a t e s  t h e y  cam e. B u t l e r  (Bu 5 0 , 5 1 ) --dev e lo p ed  t h e  t h e o r y  t o  
e x p la in  t h e  b e h a v io u r  o f  g ro u p s  fro m  s p e c i f i c  l e v e l s  i n  t h e  r e s i d u a l  
n u c le u s .  I t  was th ro u g h  h i s  w ork t h a t  t h e  s p e c t r o s c o p ic  v a lu e  o f  t h e  
c a l c u l a t i o n s  was r e a l i z e d .
I n  t h i s  " s t r i p p i n g "  m odel i t  i s  assum ed  t h a t  t h e  i n c i d e n t  p a r t i c l e  
( a  d e u te ro n  f o r  t h i s  d i s c u s s io n )  f a i l s  t o  m ake-a  h e a d -o n  c o l l i s i o n ,  
w h ich  w ou ld  r e s u l t  i n  t h e  f o rm a t io n  o f  a  "compound n u c l e u s , "  b u t  i n s t e a d  
o n ly  g r a z e s  t h e  s u r f a c e  o f  t h e  n u c le u s  w i th  one o f  i t s  n u c le o n s .  I f  
t h e  p a s s a g e  i s  s u f f i c i e n t l y  c l o s e  t o  t h e  n u c l e u s ,  t h e  n u c le o n  in v o lv e d  
i n  t h e  c o l l i s i o n  w h ich  i s  l o o s e l y  bound  t o  t h e  d e u te r o n  (2 .2 3  Mev) m ig h t 
be s t r i p p e d  o f f  by t h e  n u c l e a r  f o r c e s  t h a t  i t  f e e l s  fro m  t h e  t a r g e t .
The o th e r  n u c le o n  in v o lv e d  w ou ld  p a s s  fo rw a rd  a s  t h e  o b s e rv e d  p a r t i c l e .
I t  c a n  e a s i l y  b e  s e e n  t h a t  t h e  r e v e r s e ~ p r o c e s s  " p ic k u p "  i s  o b v io u s ly  
v e ry  s i m i l a r  t o  s t r i p p i n g .  I n  t h i s  c a s e  t h e  d e u te ro n  w o u ld  p a s s  c l o s e  
t o  t h e  n u c le u s  a n d  p ic k  up  a  n u c le o n  from  t h e  s u r f a c e  o f  t h e  t a r g e t  
n u c l e u s . The f i r s t  e x p e r im e n ta l  e v id e n c e  o f  t h i s  p ic k u p  r e a c t i o n  
( ( d , t ) i n  t h i s  c a s e )  w as g iv e n  b y  Newns (Ne 5 2 ) .
I n  o r d e r  t o  q u ic k ly  re v ie w  t h e  q u a l i t a t i v e  f e a t u r e s  o f  t h e s e
s t r i p p i n g  r e a c t i o n s  i t  i s  h e l p f u l  t o  lo o k  a t  t h e  t h e o r e t i c a l  e x p r e s s io n  
f o r  a  s im p le  ( d , p )  s t r i p p i n g  r e a c t i o n  (Bu 57)* l a  t h i s  s i m p l i f i e d  
c a l c u l a t i o n  t h e  i n t e r a c t i o n s  o f  d e u te ro n  w i th  t h e  t a r g e t  n u c le u s  a s  
w e l l  a s  t h e  p r o to n  w i th  t h e  f i n a l  n u c le u s  a r e  ig n o r e d .  W ith  t h e s e  
a s s u m p tio n s  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  e x p r e s s e d  b y ;
w here  L i s  t h e  o r b i t a l  a n g u la r  momentum o f  t h e  c a p tu r e d  n e u t r o n ,  r  i s  
t h e  r a d iu s  o f  t h e  i n t e r a c t i o n ,  i s  t h e  so  c a l l e d  " re d u c e d  w id th "  f o r  
t h e  r e a c t i o n  ( i t  i s  t h e  p r o b a b i l i t y  o f  f i n d i n g  t h e  c a p tu r e d  p a r t i c l e  
i n  i t s  c a p tu r e d  s t a t e  a t  t h e  n u c l e a r  s u r f a c e  ( r Q) " ^ e  e f f e c t i v e
ra n g e  o f  t h e  i n t e r a c t i o n ,  Q i s  t h e  momentum ta k e n  i n t o  t h e  n u c le u s  by 
t h e  n e u t ro n  ( s e e  d ia g ra m ) ,
a n d  7 i s  d e te rm in e d  by  t h e  d e u te ro n  b in d in g  e n e rg y . From t h e  d ia g ra m  
i t  c a n  be  s e e n  t h a t  t h e  o r b i t a l  a n g u la r  momentum c a r r i e d  i n t o  t h e  
n u c le u s  w ou ld  be fiQ r. The q u a n t i t y  r  c a n  b e  th o u g h t  o f  a s  t h e  c l a s s i c a l
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Srf r  i  i
( r , J L( Q r ) ,  h ^ i K r ) ) ( 1 )
K a n d  K, a r e  t h e  momenta o f  t h e  p r o to n  a n d  d e u te r o n ,  K
K
im p a c t p a ra m e te r  (o  <  r  <  r Q) .  From t h e s e  c o n s id e r a t i o n s  t h e  maximum 
o r b i t a l  a n g u la r  momentum t r a n s f e r  w o u ld  be  fiQ ro « Now t h e  m ain  f e a t u r e
th a t  eq u ation  ( l )  p r e d ic t s  i s  a  ra p id  v a r ia t io n  o f  d i f f e r e n t ia l  c r o s s -
s e c t i o n  a s  a  f u n c t i o n  o f  0 .  T h is  i s  b e c a u se  o f  t h e  r a p i d  o s c i l l a t i o n
o f  t h e  te rm  ( f )  a s  a  f u n c t i o n  o f  0 .  I n  g e n e r a l  t h e  s p h e r i c a l  B e s s e l
(l)f u n c t i o n  J L(Q r)  h a s  i t s  maximum w here  Qt q ~  L . The h£  ' ( i K r )  a r e  t h e  
s p h e r i c a l  H ah k e l f u n c t i o n s  w h ich  a r e  g e n e r a te d  fro m  t h e  B e s s e l  f u n c t i o n s  
by  t h e  r e l a t i o n ;
h J ^ U K r )  = J L( iK r )  + i n L( iK r )  . (2 )
The n ^ 's  a r e  t h e  s p h e r i c a l  Neuman f u n c t i o n s  w h ich  a r e  g e n e r a te d  fro m  
t h e  B e s s e l  f u n c t i o n s  by ;
J L(x )  S  “ l ( x )  -  " l (x )  S  j l (x )  = h  ■ ( 3 >
X
The B e s s e l  f u n c t i o n  c o n t r i b u t i o n  t o  t h e  c r o s s  s e c t i o n  i s  damped
pby  t h e  te rm  -
- K2 + 72 K2  + | 2 
T h is  te rm  i s  in d e p e n d e n t o f  t h e  a n g u la r  momentum t r a n s f e r r e d  a n d  d e ­
c r e a s e s  r a p i d l y  w i th  a n g l e .  An in c r e a s e  i n  bom b ard in g  e n e rg y  w i l l  
s h i f t  t h e  a n g u la r  d i s t r i b u t i o n  p e a k s  t o  t h e  lo w e r  a n g le s  a n d  f  w i l l  
c a u s e  t h e  p e a k s  t o  be s t e e p e r .  The e x c i t a t i o n  f u n c t i o n  s h o u ld  be  a  
sm ooth  f u n c t i o n  o f  e n e rg y .
The c a l c u l a t i o n s  made i n  t h e  l a s t  c h a p te r  o f  t h i s  t h e s i s  a r e  
j u s t  a  r e f in e m e n t  o f  t h e  p i c t u r e  p r e s e n te d  a b o v e . The c h i e f  d i f f e r e n c e  
i s  t h a t  d i s t o r t e d  "wave f u n c t i o n s "  w ere  u s e d  i n s t e a d  o f  t h e  p la n e
w aves a b o v e . I n  t h e  c a l c u l a t i o n s  t h e  d i s t o r t i o n  a r i s e s  by s c a t t e r i n g  
fro m  t h e  Coulomb f i e l d  a n d  t h e  n u c l e a r  o p t i c a l  p o t e n t i a l .  F o r  t h e  
(He ,n )  r e a c t i o n s  t h e  f i t s  a r e  s e e n  t o  b e  g r e a t l y  im p ro v ed  o v e r  t h e  
p la n e  wave c a l c u l a t i o n s .
I I I .  THE LEVEIS IN B?, 01 5 ,  AND C11
I n  t h e  r e a c t i o n s  s t u d i e d  f o r  t h i s  t h e s i s  in f o r m a t io n  was o b ­
t a i n e d  a b o u t  s p in  a n d  p a r i t y  a s s ig n m e n ts  f o r  l e v e l s  i n  t h e  t h r e e  
n u c l id e s  l i s t e d  a b o v e . I n  t h i s  s e c t i o n  a  b r i e f  summary w i l l  b e  g iv e n  
w i th  r e g a r d  t o  t h e  in f o r m a t io n  t h a t  i s  p r e s e n t l y  a v a i l a b l e  a b o u t t h e  
l e v e l s  o f  t h e s e  t h r e e  n u c l i d e s .  I n  t h e  summary t h e  w ork w i l l  b e  m e n tio n e d  
a n d  w here  a p p r o p r i a t e  a  b r i e f  d e s c r i p t i o n  in c lu d e d .
B^. S t e l s o n  e t  a l .  (S t  5 1 ) have  m e a su re d  t h e  n a t u r a l  w id th  o f  
t h e  g ro u n d  s t a t e  by  t o t a l  n e u t r o n  c r o s s  s e c t i o n  m e th o d s . N e u tro n s  fro m  
Be9 (p ,n )B ?  w ere  u s e d  t o  make t h e  m e asu re m en ts . T h ese  n e u t ro n s  w ere  
t h e n  s c a t t e r e d  fro m  a  s u l f u r  d is k  a n d  t h e  s h a rp  re s o n a n c e  i n  t h e  t o t a l  
n e u t r o n  c r o s s  s e c t i o n  f o r  s u l f u r  a n d  585  k e v  ( n a t u r a l  w id th  1 .5  k e v )  
was* u s e d  t o  d e te rm in e  t h e  w id th  o f  t h e  g ro u n d  s t a t e  g ro u p . An u p p e r  
l i m i t  o f  2 k ev  was s e t  on t h e  w id th  o f  t h i s  g ro u p .
R ey n o ld s  e t  a l .  (Re 5 6 ) m e asu re d  d e u te ro n  g ro u p s  fro m  t h e  g ro u n d  
a n d  f i r s t  e x c i t e d  s t a t e  f o r  B1 0 (p ,d ) B ? .  The e n e rg y  o f  t h e  f i r s t  e x c i t e d  
s t a t e  was a s s ig n e d  a  v a lu e  o f  2.kQ  + .1 5  Mev. C o n s id e r a b le  c o m p l ic a t io n  
w as p ro d u c e d  by  d e u te ro n s  fro m  B " ^ ( p ,d ) E ^ .  Q v a lu e s  f o r  t h e  g ro u n d  
s t a t e  g ro u p s  i n  t h e s e  tw o  r e a c t i o n s  a r e  n e a r l y  e q u a l .  As a  r e s u l t  t h e
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d e u te ro n  g ro u p s  a r e  s e p a r a t e d  o n ly  by  a  s m a l l  e n e rg y  d i f f e r e n c e .  
G ra p h ic a l  s u b t r a c t i o n  w as u s e d  t o  s e p a r a t e  t h e s e  g ro u p s . C a l c u l a t i o n s  
made from  p ic k u p  t h e o r y  on  t h e  a n g u la r  d i s t r i b u t i o n  o f  g ro u n d  s t a t e  
n e u t ro n s  fro m  B9 show good f i t s  w i th  a n g u la r  momentum t r a n s f e r  i  = 1 .  
From t h e s e  c a l c u l a t i o n s  a  s p in  a s s ig n m e n t o f  l / 2  <  J  < 9 / 2  c o u ld  be 
made f o r  t h i s  g ro u p .
B ockelm an e t  a l .  (Bo 5 6 ) m e a su re d  g ro u n d  s t a t e  t r i t o n s  from  
B ^ ( d , t ) B 9 b y  m a g n e tic  a n a l y s i s .  The Q, v a lu e  f o r  t h i s  r e a c t i o n  was 
m e asu re d  t o  b e  -  2.1& 7 + .0 1 0  Mev. B ecause  o f  t h e  r e l a t i v e l y  lo w - 
r e s o l u t i o n  c o n d i t io n s  f o r  t h e  e x p e r im e n t ,  no  n a t u r a l  w id th  w as a s s ig n e d  
t o  t h e  g ro u p .
P h o to g ra p h ic  e m u ls io n s  w i th  m a g n e tic  s e p a r a t i o n  w ere  u s e d  b y
A lm q v is t e t  a l .  (A l 5 5 ) t o  m easu re  a  p a r t i c l e s  fro m  B '* '^(H e^,a)E ?.
A lp h a  g ro u p s  w ere  o b s e rv e d  f o r  t h e  g ro u n d  s t a t e  a n d  a t  a n  e x c i t a t i o n
o f  2 .5 8  + .1 3  Mev i n  B9 .
K now les e t  a l .  (Kn 5 8 ) a t  L iv e rm o re  h av e  m e a su re d  a ' s  from  t h e
g ro u n d  an d  f i r s t  e x c i t e d  ( 2 . 4  Mev) s t a t e  by t h e  r e a c t i o n  C ^ ^ (p ,c t)E ? .
They a l s o  r e p o r t  e v id e n c e  o f  a  7 Mev l e v e l  i n  B9 . H ow ever, c o n s id e r a b le  
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b ack g ro u n d  fro m  C (p ,p )3c*  was p r e s e n t .  The d a t a  was f i t t e d  w i th  
B u t l e r  k n o c k -o n  t h e o r y .
P u ls e d  beam t i m e - o f - f l i g h t  m ethods h av e  b e e n  u s e d  by  M arion  
e t  a l .  (Ma 5 9 ) t o  s tu d y  t h e  r e a c t i o n  Be9 ( p ,n ) E ? .  In  t h e  p a p e r  i t  i s  
p o in t e d  o u t t h a t  p a r t  o f  t h e  b a c k g ro u n d  a t t r i b u t e d  t o  ( p , p ' n )  m ig h t be 
due t o  a  l e v e l  a t  ~  1 .4  Mev i n  B^. - -
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S p e n c e r  e t  a l .  (Sp 5 9 ) a t  R ic e  u s e d  t h e  a n n u la r  m agnet s p e c ­
t r o m e te r  t o  s tu d y  a ' s  fro m  B ^ ( H e ^ ,a ) B ? .  The w id th  o f  t h e  f i r s t  e x c i t e d  
s t a t e  was m e a su re d  t o  b e  83  + 9 k e v .
R ey n o ld s  (Re 5 6 ) m e a su re d  a ' s  from  t h e  g ro u n d  s t a t e  a n d  a  l e v e l
a t  2 .3 9  + -0 8  Mev f o r  t h e  r e a c t i o n  C ^ ( p , a ) B ^ .  T h is  d a ta  was s u p e r -
12 12*
im p o sed  on t h e  co n tin u u m  fro m  C ( p , p ' ) C  -> 3a * The a n g u la r  d i s t r i ­
b u t io n s  w ere  c o n s i s t e n t  w i th  B u t l e r  p ic k u p  th e o r y .
S h e r  e t  a l .  (S h  5 1 ) u s e d  a  25  Mev b e t a t r o n  t o  m easu re  p h o to n e u tro n  
t h r e s h o l d s  f o r  B ^ ( 7 ,>n)B^. A g ro u n d  s t a t e  t h r e s h o l d  o f  8 .5 5  + .2 5  Mev 
was r e p o r t e d  f o r  t h i s  r e a c t i o n .  T h is  t h r e s h o l d  w as m e asu re d  b y  d i r e c t  
d e t e c t i o n  o f  t h e  n e u t ro n  y i e l d  a s  a  f u n c t io n  o f  maximum b re m s s tr a h lu n g  
e n e rg y .
150  . T h e re  h av e  b e e n  many e x p e r im e n ts  p e rfo rm e d  i n  w h ich  t h e
15s t a t e s  i n  0 h av e  b een  s tu d i e d .  T h is  summary w i l l  in c lu d e  o n ly  
( H e ^ , a ) ,  ( d , n ) ,  ( H e ^ , d ) ,  ( p , 7 )  a n d  ( d , t )  w ork .
Pouh e t  a l .  (Po 5 9 ) h av e  m easu red  t h e  Q v a lu e s  f o r  t h e  f i r s t  
( 5 .1 9 5  Mev) a n d  se c o n d  ( 5 - 24 7  Mev) e x c i t e d  s t a t e s  by  s tu d y in g  a ' s  from  
t h e  r e a c t i o n  01^ (H e ^ ,a )0 '1'^ .  No s p in  a s s ig n m e n ts  w ere  made f o r  th e s e  
g ro u p s . The same tw o s t a t e s  w ere  m e asu re d  t o  be  5 .1 7 ^  Mev a n d  5 .2 3 3  Mev 
by H inds e t  a l .  (H i 59 ) u s in g  m a g n e tic  a n a l y s i s  o f  t h e  a ' s .  T h is  same 
g ro u p  o f  i n v e s t i g a t o r s  (H i 5 9 a ) s tu d i e d  t h e  r e a c t i o n  be tw een  5*7 Mev 
a n d  9 -1 6  Mev t o  o b s e rv e  t h e  ch an g e  i n  t h e  a n g u la r  d i s t r i b u t i o n .  A t 
low  e n e r g i e s  i . e .  <  5 Mev t h i s  r e a c t i o n  t a k e s  p la c e  by  a  conpound  
n u c le u s  p r o c e s s .  A t h ig h e r  e n e r g ie s  (~  9 M ev), m arked  asym m etry  a p p e a r s
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i n  t h e  a n g u la r  d i s t r i b u t i o n  w h ich  s u g g e s ts  c o m p e t i t io n  fro m  a  d i r e c t
p r o c e s s .  T h is  same asym m etry  was r e p o r t e d  by H olm gren (Ho 5 7 ) "the
N av a l R e se a rc h  Lab.
E vans e t  a l .  (Ev 5 3 ) h a v e  m e a su re d  t h e  e n e rg y  o f  t h e  g ro u n d
s t a t e  a n d  f i r s t  f i v e  e x c i t e d  s t a t e s  by t h e  r e a c t i o n  N1 ^ d ,n )C T 1'^ .  T hese
m easu rem en ts  w ere  made w i th  7*7 Mev d e u te ro n s  on a  g a s  t a r g e t .
P h o to g ra p h ic  p l a t e s  w ere  u s e d  t o  d e t e c t  t h e  o u tg o in g  n e u t r o n s .  A s p in
a s s ig n m e n t o f  ^  |  was made f o r  t h e  g ro u n d  s t a t e  g ro u p  from  B u t l e r
s t r i p p i n g  c a l c u l a t i o n s . Nonaka (No 57 ) s tu d i e d  a n g u la r  d i s t r i b u t i o n s
fro m  t h i s  same r e a c t i o n  f o r  t h e  g ro u n d  s t a t e  g ro u p . T h ese  m easu rem en ts
w ere  made w i th  p h o to g ra p h ic  p l a t e s  ax  a  d e u te ro n  e n e rg y  o f  I .9 6  Mev.
The a n g u la r  d i s t r i b u t i o n s  w ere  f i t t e d  w i th  a  B u t l e r  c a l c u l a t i o n  u s in g
a n g u la r  momentum t r a n s f e r  J! = 1 .
F o r s y th  (F o  6 0 ) s tu d i e d  t h e  r e a c t i o n  N11* (H e ^ ,d )0 1 ''’ w i th  a  b ro a d
ra n g e  m a g n e tic  s p e c t r o g r a p h .  He m e asu re d  t h e  a n g u la r  d i s t r i b u t i o n  o f
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t h e  g ro u n d  s t a t e  d e u te ro n s  a t  a  He e n e rg y  o f  5*2 Mev. The a n g u la r  
d i s t r i b u t i o n  w as f i t t e d  w i th  a  B u t l e r  s t r i p p i n g  c u rv e .
T a b a ta  e t  a l .  (T a 6 0 ) s t u d i e d  a n g u la r  d i s t r i b u t i o n s  o f  t h e  7 ’ s 
fro m  a t  t h e  278  k ev  r e s o n a n c e  f o r  t h i s  r e a c t i o n .  The
a n g u la r  d i s t r i b u t i o n  o f  t h e  7*5^ Mev s t a t e  w as i s o t r o p i c .  T h is  su p ­
p o r t e d  t h e  J rt = l / 2 + a s s ig n m e n t f o r  t h i s  s t a t e .  L e v e ls  a t  6 .8 2 ,  6 .1 8  
a n d  5*23 Mev w ere  e s t a b l i s h e d  by  Jo h n so n  e t  a l .  ( J o  5 2 ) by  t h i s  same 
r e a c t i o n .
K e l l e r  (Ke 6 0 ) m e a su re d  a n g u la r  d i s t r i b u t i o n s  f o r  t h e  g ro u n d
~| g
s t a t e  f o r  t h e  r e a c t i o n  0 (_ d ,t)0  . W ith  a  d e u te ro n  e n e rg y  o f  15 Mev
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h e  was a b l e  t o  p ro d u c e  c o p io u s  y i e l d s  o f  t r i t o n s .  The g ro u n d  s t a t e
a n g u la r  d i s t r i b u t i o n s  w ere  f i t t e d  w i th  a  & = 1  B u t l e r  t r a n s f e r  a n dn
a  r a d i u s  o f  1 .7 5  **•
C ~^. M ost o f  t h e  e n e rg y  l e v e l s  a s s ig n e d  t o  t h e  s t a t e s  i n  C^1
come fro m  t h e  r e a c t i o n  B ^ ( d ,n ) C ^ ^  (E l  53 , J o  5 2 a , Va 51 )• H  I s  f o r
t h i s  r e a s o n  t h a t  t h e  r e a c t i o n  w i l l  be u s e d  t o  sum m arize t h e  s t a t e s  o f
e x c i t a t i o n  i n  C ^ .
P h o to g ra p h ic  p l a t e s  w ere  u s e d  by  G rave (G r 5 6 ) t o  m easu re
n e u t ro n s  from  t h e  f o l lo w in g  s t a t e s  2 .0 2  + .0 1 ,  1 .2 1  + . 03 I ,  an d
I .73  + .0 3  Mev. W ith  a  d e u te ro n  b om bard ing  e n e rg y  o f  1 .0 8  Mev i t  was
n e c e s s a r y  t o  u s e  a  compound n u c le u s  i s o t r o p i c  d i s t r i b u t i o n  c o u p le d
w i th  a  B u t l e r  s t r i p p i n g  c u rv e  t o  f i t  t h e  a n g u la r  d i s t r i b u t i o n s .  T h is
same te c h n iq u e  w as u s e d  by  Jo h n so n  ( J o  5 2 a ) .  H is  l e v e l  a s s ig n m e n ts
w e re ; 1 . 8 5 ,  1 . 2 3 ,  I . 7 7 , 6 . 1 0 , 6 . 7 7 , 7 -3 9 , 8 . 0 8 , 8 . 3 9 , 8 .6 2  a n d  8 .9 7
Mev. B en t e t  a l .  (Be 5 5 ) a t  R ic e  m e asu re d  n e u t ro n s  from  t h e  fo l lo w in g
C'*"*' s t a t e s  6 . I 5 , 8 .1 0 ,  8 .1 2  a n d  8 .6 5  Mev. S p in  a n d  p a r i t y  a s s ig n m e n ts
f o r  t h e s e  s t a t e s  a r e  c o n s i s t e n t  w i th  7 r a y  m easu rem en ts  by  E v an s.
Gamma-gamraa a n g u la r  c o r r e l a t i o n s  w ere  a l s o  made f o r  t h e s e  same s t a t e s
by  J o n e s  e t  a l .  ( J o  52 ) .  C e r in e o  (Ce 5 6 , Ce^56a)  m e a su re d  t h e  a n g u la r
d i s t r i b u t i o n s  o f  t h e  n e u t ro n s  f o r  t h e  g ro u n d  a n d  f i r s t  t h r e e  e x c i t e d
s t a t e s  a t  a  c y c l o t r o n  e n e rg y  o f  ~  7 -5  Mev. B u t l e r  t h e o r y  was s u c c e s s f u l
i n  a n a ly z in g  t h e  d a ta  w i th  r  = 5 . 8 f  a n d  Z = 1 .  A t E , = 9 Mev M a s lin
P u
e t  a l .  (Ma 5 6 ) u s e d  t h e  L iv e rp o o l  c y c l o t r o n  t o  g e t  t h e  same B u t l e r  ty p e  
c u rv e s  f o r  nQ a n d  n ^ . A t h r e e  c r y s t a l  p a i r  s p e c tr o m e te r  was u s e d  by
l i f
S am ple e t  a l .  (S a  55 ) "to m easu re  7 ' s  f o r  t h e  f o l lo w in g  l e v e l s  k.k-6,
^•75> 5-°3.> 5*35j  6 . 5 2 , 6."jQ, 7 . 2 9  a n d  8 . 2 J  Mev. F o r t h i s  w ork no
a n g u la r  d i s t r i b u t i o n s  w ere  m e asu re d .
A summary o f  t h e  ab o v e  known s p in  a n d  p a r i t y  a s s ig n m e n ts  f o r  
Q ■15 11
IT j 0  a n d  C w i l l  be g iv e n  i n  t h e  l a s t  c h a p te r  a lo n g  w i th  new 
a s s ig n m e n ts  t h a t  h av e  b e e n  made on t h e  b a s i s  o f  o u r  c a l c u l a t i o n s .
I n  t h e  n e x t  c h a p te r  a  d e t a i l e d  o u t l i n e  o f  t h e  t i m e - o f - f l i g h t  
s p e c t r o m e te r  u s e d  f o r  s tu d y in g  t h e  t h r e e  r e a c t i o n s  i n  t h i s  t h e s i s  w i l l  
be d is c u s s e d .
CHAPTER I I
EXPERIMENTAL APPARATUS AND PROCEDURE
I n  t h i s  c h a p te r  t h e  te c h n iq u e s  u s e d  t o  m e asu re  t h e  f l i g h t  t im e s  
o f  (He ,n )  n e u t ro n s  a r e  d is c u s s e d .  The f i r s t  s e c t i o n  t r e a t s  t h e  r e s o ­
l u t i o n  o f  t h e  t i m e - o f - f l i g h t  s p e c t r o m e te r  a n d  i t s  i n d i v i d u a l  s o u rc e s  o f  
e n e rg y  s p r e a d .  I n  t h e  se c o n d  s e c t i o n  s o u rc e s  o f  e n e rg y  s p r e a d  t h a t  a r e  
in d e p e n d e n t o f  t h e  t i m e - o f - f l i g h t  sy s te m  a r e  d i s c u s s e d .  F o llo w in g  t h i s  
s e c t i o n  a  s im p le  p i c t u r e  o f  t h e  m ethod  u s e d  t o  m easu re  t h e  n e u t ro n  
f l i g h t  t im e  i s  g iv e n . The m o d i f ic a t io n s  o f  t h e  Van de G r a a f f  a n d  t h e
O
e l e c t r o n i c s  f o r  t h e  (He , n )  r e a c t i o n  a r e  d i s c u s s e d  i n  t h e  l a s t  s e c t i o n s .
I .  SPECTROMETER RESOLVING POWER
The o v e r a l l  e n e rg y  s p re a d  o f  a  t i m e - o f - f l i g h t  s p e c t r o m e te r  i s  
d e te rm in e d  by t h e  s p re a d s  t h a t  a r e  p ro d u c e d  by  t h e  t i m e - o f - f l i g h t  
sy s te m  (Van de G ra a f f  p lu s  e l e c t r o n i c s )  c o u p le d  w i th  t h e  e n e rg y  s p re a d s  
from  o th e r  s o u rc e s  su ch  a s  t a r g e t  t h i c k n e s s  a n d  t h e  n a t u r a l  w id th s  o f  
t h e  l e v e l s  b e in g  s tu d i e d .  T h is  s e c t i o n  w i l l  t r e a t  t h e  e n e rg y  s p re a d s  
in t r o d u c e d  by  t h e  t i m e - o f - f l i g h t  s y s te m .
The r e s o lv i n g  pow er o f  a  s p e c tr o m e te r  i s  g iv e n  by  t h e  q u a n t i t y  
=— , w here  AE i s  t h e  u n c e r t a i n t y  i n  m e a su r in g  t h e  e n e rg y  E . T im e -o f -  
f l i g h t  m ethods g iv e  t h e  e n e rg y  o f  t h e  n e u t ro n s  b e in g  m e a su re d  by  t h e  
e x p r e s s io n ;
E (Mev) = 7 2 .3  L -r 00
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w here  L i s  t h e  f l i g h t  p a th  i n  m e te r s  a n d  t i s  t h e  f l i g h t  t im e  i n  mp 
s e c .  E q u a t io n  (Ij-) c a n  e a s i l y  be  d i f f e r e n t i a t e d  t o  show t h a t  t h e  r e ­
s o lv in g  pow er Of t h e  sy s te m  i s  g iv e n  b y ;
AE 2At ( _ \
E t  ^
w here At i s  t h e  u n c e r t a i n t y  i n  m e a su r in g  t h e  f l i g h t  t im e  T. T h e re fo re  
t h e  e n e rg y  r e s o l v i n g  pow er i s  tw ic e  t h e  t im e  r e s o l v i n g  p o w er. The 
in s t r u m e n ta l  r e s o l v i n g  t im e  u n c e r t a i n t y  (At ) i s  g iv e n  by ;
(ATb ) 2  + (A Td ) 2  +  ( A T j 2  ( 6 )
w here  t h e  AT, i s  t h e  beam b u r s t  d u r a t i o n .  AT, i s  t h e  t im e  s p r e a d  i n -  b a
t r o d u c e d  by t h e  d e t e c t o r  a n d  AT i s  a l l  o f  t h e  o th e r  t im e  u n c e r t a i n t i e se
in t r o d u c e d  by t h e  t i m e - o f - f l i g h t  e l e c t r o n i c s .  A d i s c u s s io n  o f  eac h  o f  
t h e  s e v e r a l  com ponen ts  o f  A t  w i l l  f o l lo w .
I t  i s  r a t h e r  d i f f i c u l t  t o  e s t im a te  t h e  m a g n itu d e s  o f  t h e  v a r io u s  
A t * s  ev e n  i f  you  h av e  a  f a i r  e s t i m a t e  o f  A t .  E s t im a te s  o f  t h e  beam 
b u r s t  d u r a t i o n  c a n  be  made b y  v a r y in g  t h e  beam p u ls e  l e n g th  ( f o r  t h i s  
ex am p le , p u l s in g  t h e  beam h a r d e r )  a n d  o b s e rv in g  t h e  o v e r a l l  ch an g e  i n  
sy s te m  r e s o l u t i o n .  M easurem en ts o f  t h i s  ty p e  h av e  b e e n  made ( F ig s .
3 a n d  a n d  t h e  r e s u l t s  w i l l  be  d i s c u s s e d  l a t e r  i n  t h i s  c h a p t e r .  The 
beam a s s o c i a t e d  t im e  s p re a d  t h a t  can  be  e s t im a te d  by  th e  ab o v e  m e a su re ­
m en ts  i s  a  c o m b in a tio n  o f  b u r s t  d u r a t i o n  a n d  t h e  c a p a c i t i v e  r i s e  t im e  
o f  t h e  t a r g e t  p i c k - o f f  sy s te m . One o f  t h e  t im in g  s i g n a l s  i s  a  v o l t a g e  
p u ls e  t a k e n  from  t h e  t a r g e t .  T h is  s i g n a l  i s  u s e d  a s  a  " tim e  z e ro "
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r e f e r e n c e  i n  m e a su r in g  t h e  n e u t r o n  f l i g h t  t im e .  I t s  m a g n itu d e  w ou ld
Qbe — , w here  Q i s  t h e  c h a rg e  i n  t h e  beam p u l s e  a n d  C i s  t h e  c a p a c i t y  o
o f  t h e  t a r g e t  sy s te m . T h e r e f o re  i t  i s  n e c e s s a r y  t o  m in im ize  t h e  
c a p a c i t y  o f  t h e  t a r g e t  s y s te m . A d d i t i o n a l  " tim e  s p r e a d s "  can  be 
in t r o d u c e d  by  f l u c t u a t i o n s  i n  t h e  beam p u l s e  a m p li tu d e .  F o r t h i s  
e x p e r im e n t t h e s e  f l u c t u a t i o n s  w ere  re d u c e d  by c l i p p i n g  t h e  t a r g e t  
s i g n a l  i n  a  l i m i t e r  a f t e r  i t  h a d  b een  a m p l i f i e d  by s e v e r a l  H e w le tt -  
P a c k a rd  a m p l i f i e r s .  The r i s e  t im e  o f  t h e  o u tp u t  p u l s e  was a lm o s t 
e n t i r e l y  d e p e n d e n t on t h e  n u m b e r 'o f  a m p l i f i e r s  u s e d  s in c e  t h e  in p u t  
p u l s e  was o f  t h e  o r d e r  o f  1 mp._sec. T h is  p o i n t  w i l l  be d i s c u s s e d  i n  
m ore d e t a i l  l a t e r  on i n  t h e  c h a p t e r .  The se c o n d  com ponent (AT^) i n  
e q u a t io n  (4 )  w i l l  now be t r e a t e d .
The d e t e c t o r  r i s e  t im e  c a n  be  th o u g h t  o f  a s  b e in g  com posed o f  
tw o co m p o n en ts , t h o s e  a s s o c i a t e d  w i th  t h e  c r y s t a l ,  a n d  th o s e  d ep e n d e n t 
on t h e  p r o p e r t i e s  o f  t h e  p h o to tu b e .  F o r a  c r y s t a l  o f  t h i c k n e s s  |  
(m e te r s )  t h e  t im e  s p re a d  A t^ w h ich  i s  p ro d u c e d  by t h e  n e u t ro n  f l i g h t  
t im e  i n  t h e  c r y s t a l  i s  g iv e n  by ;
= (  l )  T ■ ( 7 )
To g iv e  an  o r d e r  o f  m a g n itu d e  f o r  t h i s  q u a n t i t y ,  i t s  ra n g e  w i l l  be 
d i s c u s s e d  f o r  t h e  3" p l a s t i c  s c i n t i l l a t o r  u s e d  f o r  t h i s  e jsp e r im e n t. I f  
n e u t ro n s  a r e  b e in g  m e asu re d  w h ich  h av e  an  e n e rg y  ra n g e  from  1 -5  t o  
1 0 .5  Mev, A tt w ou ld  h av e  a  c o r r e s p o n d in g  ra n g e  fro m  t o  I . 7 I  mq s e c .
In  m ost c a s e s  A t^ i s  l a r g e r  th a n  t h e  p h o to tu b e  d ep e n d e n t com ponent o f
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AT^. T h is  l a t t e r  com ponent i s  t h e  rm s v a r i a t i o n  i n  t h e  o v e r a l l  t r a n s i t  
o f  t h e  p h o to e l e c t r o n s  i n  t h e  p h o to tu b e .  The m a jo r  p o r t i o n  o f  t h i s  
s p r e a d  i s  p r o b a b ly  p ro d u c e d  by t r a n s i t  t im e  d i f f e r e n c e s  from  t h e  
v a r io u s  p o s i t i o n s  on  th e - p h o to c a th o d e  t o  t h e  f i r s t  dynode (Ke 5 6 , Wi 6l ) .  
T h ese  e f f e c t s  w i l l  b e  d i s c u s s e d  f u r t h e r  i n  t h e  l a s t  p a r t  o f  t h i s  c h a p t e r .
The f i n a l  te rm  i n  e q u a t io n  (4 )  i s  ATg w h ich  c a n  b e  th o u g h t  o f  
a s  t h e  sum o f  t h e  o th e r  e l e c t r o n i c  co m p o n en ts . E ach  o f  t h e  com ponents 
u s e d  t o  make a  t im e  sp e c tru m  m easu rem en t ( F ig s .  5* 7 )  h a s  a  5 t  a s s o ­
c i a t e d  w i th  i t .  E x p e r ie n c e  i n d i c a t e s  h o w ev er, t h a t  t h e  m a jo r  f a c t o r  
c o n t r i b u t i n g  t o  ATg i s  t h e  t im e  s p r e a d  in t r o d u c e d  by  t h e  t im e  c o n ­
v e r t e r .  M easu rem en ts  ( t o  be  d i s c u s s e d  l a t e r )  o f  t h i s  t im e  s p r e a d  i n ­
d i c a t e  t h a t  1 mp s e c  i s  p r o b a b ly  t h e  lo w e r  l i m i t  o f  i t s  v a lu e .
I I .  SOURCES OF ENERGY SPREAD
I n  a d d i t i o n  t o  t h e  e n e rg y  u n c e r t a i n t y  in t r o d u c e d  by  t h e  t i m e - o f -  
f l i g h t  s y s te m  t h e r e  a r e  o th e r  s o u rc e s  o f  s p r e a d  i n  t h e  r e a c t i o n  e n e rg y . 
E ven I f  t h e  r e s o l u t i o n  o f  t h e  s p e c t r o m e te r  i s  a  few  p e r c e n t  i n  e n e rg y , 
t h e  o b s e rv e d  g ro u p s  may n o t  b e  s e p a r a b l e .  The r e a s o n  f o r  t h i s  i s  t h a t  
i n  t h e  p r e v io u s  s e c t i o n  n o th in g  was s a i d  a b o u t t h e  n a t u r a l  w id th s  o f  
t h e  l e v e l s  b e in g  m e asu re d  o r  t h e  f i n i t e  t h i c k n e s s  o f  t h e  t a r g e t .
I n  t h e  p r e v io u s  c h a p te r  a  summary was g iv e n  o f  t h e  r e s i d u a l  
9 15 11s t a t e s  a  , 0  , a n d  C . I n  t h e  summary o n ly  t h e  w id th  o f  t h e  g ro u n d
s t a t e  g ro u p  from  was g iv e n  (<  2 k e v ) . The n a t u r a l  w id th s  o f  t h e  
o th e r  l e v e l s  s tu d i e d  f o r  t h i s  e x p e r im e n t h av e  n o t  b een  m e a su re d . T hese
q u a n t i t i e s  w o u ld  t h e r e f o r e  e n t e r  i n t o  t h e  f i n a l  r e s o l u t i o n  a s  unknow ns 
i f  t h e  r e s i d u a l  n u c le u s  i s  unbound .
The e n e rg y  s p re a d  in t r o d u c e d  by  t h e  f i n i t e  t h i c k n e s s  o f  t h e  
t a r g e t  i s  one t h a t  c a n  be c o n t r o l l e d .  F o r  a  g e n e r a l  r e a c t i o n  X (a ,n )Y , 
t h e  s p r e a d  i n  t h e  e n e rg y  o f  t h e  o u tg o in g  n e u t r o n  i s  a p p ro x im a te ly  p r o ­
p o r t i o n a l  t o  t h e  t a r g e t  t h i c k n e s s .  I n  o r d e r  t o  d e te rm in e  t h i s  e n e rg y  
dEs p r e a d  t h e  ( ~ )  o f  p a r t i c l e  a  m ust be  known i n  t h e  t a r g e t  m a t e r i a l  X.
CLX
Once t h e  minimum a c c e p ta b l e  s p r e a d  (AE) f o r  t h e  n e u t r o n  h a s  b e e n  d e t e r ­
m in ed , t h e  t a r g e t  t h i c k n e s s  ca n  e a s i l y  b e  c a l c u l a t e d .  F o r  t i m e - o f - f l i g h t  
e x p e r im e n ts  i t  i s  c o n v e n ie n t  t o  u s e  a  p l o t  o f  r e c i p r o c a l  v e l o c i t y  o f
t h e  n e u t ro n  v s  t h e  e n e rg y  o f  t h e  bom b ard in g  p a r t i c l e  a .  F ig u r e  1 shows
9  ^ IXs u c h  a  p l o t  f o r  Be (He ,n )C  . From t h i s  c u rv e
dEa
c a n  be d e te rm in e d  a t  t h e  d e s i r e d  E . The t i m e - o f - f l i g h t  s p r e a d  At
S* X
i s  th e n  g iv e n  b y ;
w here  L i s  t h e  f l i g h t  p a t h .
As an  ex am p le , a  30  Be^ t a r g e t  i s  ~  50  k e v  t h i c k  f o r  2 Mev
cm
He p a r t i c l e s .  W ith  a  f l i g h t  p a th  o f  6 m e te r s ,  A t^  = .36  mu s e c  f o r
t h e  g ro u n d  s t a t e  n e u t ro n s  an d  2 , 5  mu s e c  f o r  n e u t ro n s  fro m  t h e  7 A 0  Mev 
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Fig. 1. Reciprocal V elocit ies  for Neutron Groups from Be®{He^,r?)C^ L
2 1
i n t e r e s t  i n  w i th  o u r  d e t e c t o r ,  30  i s  a  r e a s o n a b le  t a r g e t  
-- - cm
t h i c k n e s s .  H ow ever, i t  i s  a lw ay s  w is e  t o  make t a r g e t s  w i th  a  ra n g e
o f  t h i c k n e s s e s ,  s in c e  t h e  c r o s s  s e c t i o n  o f  t h e  r e a c t i o n  was n o t  c o n ­
s i d e r e d  i n  t h e  above  a rg u m e n t. As w i l l  be  d e s c r ib e d  i n  C h a p te r  I I I ,  
t h e  t h i c k  t a r g e t s  c a n  a lw ay s  be u s e d  t o  t a k e  p u l s e  s p e c t r a .  In  c o n ­
c l u s i o n  i t  c a n  b e  s a i d  t h a t  t h e  f i n a l  t a r g e t  th i c k n e s s  i s  a  com prom ise 
b e tw een  A r^  a n d  t h e  s i g n a l  t o  n o is e  r a t i o  f o r  t h e  r e a c t i o n  b e in g  
s tu d i e d .
I I I .  ELAPSED TIME MEASUREMENT
I n  o r d e r  t o  m easu re  t h e  n e u t ro n  f l i g h t  t im e  from  t h e  t a r g e t  t o  
t h e  d e t e c t o r  s e v e r a l  m ethods c a n  be u s e d .  F o r d e f i n i t i o n ,  " tim e  z e ro "  
( t Q) w i l l  b e  t h e  i n s t a n t  t h a t  t h e  n e u t r o n  le a v e s  t h e  t a r g e t  a n d  t 1 i t s  
f l i g h t  t im e  from  t h e  t a r g e t  t o  t h e  d e t e c t o r .  The m ost e le m e n ta ry  way 
t o  m e asu re  t ^  w o u ld  be t o  s t a r t  t h e  c lo c k  ( i n  t h i s  c a s e  t h e  t im e  t o  
p u l s e  h e i g h t  c o n v e r t e r )  w i th  t h e  t a r g e t  p u ls e  a n d  s to p  i t  w i th  t h e  p u ls e  
t h a t  i s  p ro d u c e d  when t h e  n e u t r o n  e n t e r s  t h e  d e t e c t o r .  T h e re fo re  t h e  
v o l t a g e  o u tp u t  o f  t h e  t im e  c o n v e r t e r  (w h ich  i s  p r o p o r t i o n a l  t o  t h e  
d i f f e r e n c e  i n  t im e  b e tw een  t h e  s t a r t  a n d  s to p  p u l s e s )  w ou ld  be  p r o ­
p o r t i o n a l  t o  t h e  n e u t ro n  f l i g h t  t im e  t ^ .  In  p r a c t i c e  how ev er, i t  i s  
b e t t e r  t o  s t a r t  t h e  t im e  c o n v e r t e r  w i th  t h e  d e t e c t o r  p u l s e  an d  s to p  i t  
w i th  t h e  beam p u ls e  w h ich  h a s  b een  d e la y e d  a  known am ount (& d). W ith  
t h i s  a r ra n g e m e n t t h e  c o n v e r t e r  i s  o n ly  o p e r a t in g  when t h e r e  i s  a n  e v e n t  
i n  t h e  d e t e c t o r  a n d  t h e r e f o r e  t h e  o v e r lo a d  p u l s e s  ( s t a r t  p u l s e s  t h a t  
o c c u r  w i th o u t  a  s to p  p u l s e )  w h ich  s a t u r a t e  t h e  a m p l i f i e r  ( F ig .  5 ) w i l l
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be e s s e n t i a l l y  e l im i n a te d .  W ith  t h i s  a r ra n g e m e n t t h e  o u tp u t  from  t h e  
t im e  c o n v e r t e r  i s  p r o p o r t i o n a l  t o  t ^  -  t  -  6 d . T h is  j u s t  m eans t h a t  
t h e  t im e  s c a l e  h a s  b e e n  r e v e r s e d .  S in c e  t h e  o u tp u t  o f  t h e  t im e  c o n ­
v e r t e r  i s  d i s p la y e d  on a  m u l t ic h a n n e l  ( F ig .  5 ) t h e  h ig h e r  e n e rg y  
n e u t r o n  g ro u p s  w i l l  a p p e a r  i n  t h e  u p p e r  c h a n n e ls .  F ig u re  10 i l l u s t r a t e s  
t h i s  p o i n t .  I n  t h e  f i g u r e  t h e  n e u t ro n s  i n  c h a n n e l 125  a r e  1 .9 5  Mev 
w h i le  t h o s e  i n  229 h a v e  a n  e n e rg y  o f  10 Mev. Gamma r a y s  fro m  t h e  
t a r g e t  w ou ld  o c c u r  a b o u t 100 c h a n n e ls  t o  t h e  r i g h t  o f  t h e  10 Mev g ro u p .
In  o r d e r  t o  g e t  a  n u m e r ic a l  v a lu e  f o r  t ^  i t  i s  n e c e s s a r y  t o  
c a l i b r a t e  t h e  t im e  p e r  c h a n n e l o f  t h e  a n a l y z e r .  T h is  c a n  be  done i n  a  
num ber o f  w ay s. One m ethod  i s  t o  o b se rv e  t h e  c h a n n e l p o s i t i o n  s h i f t  o f  
t h e  t im e  s p e c tru m  7 r a y s  a s  t h e  d e la y  i n  t h e  beam p u l s e  l i n e  i s  ch an g e d  
a  known am ount 6 d . I f  t h e  sy s te m  i s  c o m p le te ly  l i n e a r  a  ch an g e  i n  t h e  
d e la y  o f  am ount 5 d  w i l l  p ro d u c e  a  c h a n n e l  s h i f t  5 c . From t h i s  t h e  
t im e  p e r  c h a n n e l w o u ld  be . T h is  same c a l i b r a t i o n  ca n  be made b y  
u s in g  a  n e u t ro n  g ro u p  o f  known e n e rg y . F o r t h e  p u rp o s e  o f  t h i s  d i s ­
c u s s io n  t h i s  g roup  w i l l  be c a l l e d  N^. From t h e  c a l c u l a t e d  e n e rg y  o f  
i t s  r e c i p r o c a l  v e l o c i t y  c a n  be d e te rm in e d  ( F ig .  l ) .  F i r s t  i t s  
p o s i t i o n  on t h e  t im e  sp e c tru m  i s  d e te rm in e d  a t  a  s p e c i f i c  f l i g h t  p a th  
Lq a n d  a n g le  0 .  N ext t h e  f l i g h t  p a th  i s  i n c r e a s e d  a n  am ount 5L. The 
g ro u p  N i s  o b s e rv e d  t o  move a  d e f i n i t e  num ber o f  c h a n n e ls  5 c . TheU>
tim e  p e r  c h a n n e l i s  th e n  g iv e n  by ;
5 t  6L
5c v  5c a
(9 )
w here  v  i s  t h e  v e l o c i t y  o f  t h e  n e u t ro n  g ro u p  N . From e q u a t io n  (9 )Qi Q
23
i t  i s  o b v io u s  t h a t  t h e  e n e rg y  o f  t h e  g ro u p  N s h o u ld  be  a s  low  a s  
p o s s i b l e  f o r  optim um  c a l i b r a t i o n .  T h e r e f o re  i t  i s  w is e  t o  c h o o se  9 
t o  b e  a  b a c k  a n g le  i f  p o s s i b l e ,  s in c e  v  w i l l  be  lo w e r  a t  t h e  b ackLa
a n g le s  t h a n  i n  t h e  fo re w a rd  d i r e c t i o n .  F o r  t h e  w ork r e p o r t e d  i n  t h i s  
t h e s i s  b o th  m e th o d s w ere  u s e d  t o  c a l i b r a t e  t h e  a n a l y z e r .
I n  t h e  n e x t  s e c t i o n  t h e  s e v e r a l  m o d i f i c a t io n s  o f  t h e  a c c e l e r a t o r  
a n d  t h e  c i r c u i t r y  f o r  t h e  He r e a c t i o n s  w i l l  be  d is c u s s e d .
IV . REFINEMENTS FOR (He3 , n )  REACTIONS
Van de G r a a f f  m o d i f i c a t i o n s . The in s t r u m e n ta t i o n  o f  t h e  Oak 
R id g e  N a t io n a l  L a b o ra to ry  3 Mev a c c e l e r a t o r  f o r  k ev  n e u t r o n  t i m e - o f -  
f l i g h t  s t u d i e s  h a s  p r e v io u s l y  b e e n  d e s c r ib e d  (Go $ 8 ) .  I n  o r d e r  t o  
s tu d y  t h e  (He , n )  r e a c t i o n s  i t  w as n e c e s s a r y  t o  make s e v e r a l  m o d i f i ­
c a t i o n s  t o  t h e  Van de G ra a f f  a n d  t h e  e l e c t r o n i c  sy s te m . T hese  m od i­
f i c a t i o n s  w i l l  be d i s c u s s e d  i n  t h i s  s e c t i o n .
The m ost im p o r ta n t  m o d i f i c a t io n s  t o  t h e  a c c e l e r a t o r  w e re ,
3
i n s t a l l a t i o n  o f  a  He io n  s o u rc e  a n d  t h e  d ev e lo p m en t o f  a n  " a f t e r
3
p u l s in g "  sy s te m . The He s o u rc e  d e v e lo p e d  a t  ORNL w i l l  p io d u c e  a  dc 
beam o f  500 qamp. The a v e ra g e  l i f e t i m e  o f  t h e  s o u rc e  a t  t h i s  h ig h
3
c u r r e n t  i s  a b o u t 115 h o u r s .  I n  o r d e r  t o  i n t r o d u c e  He i n t o  t h e  g a s  
b o t t l e  a  l e a k  sy s te m  was d e v e lo p e d  w i th  im p ro v ed  c h a r a c t e r i s t i c s  
( J o  6 l ) .  Two s e n s i t i v e  le a k  v a lv e s  w ere  j o i n e d  i n  s e r i e s  w i th  a  
minimum b a l l a s t  volum e b e tw ee n  th em . One o f  t h e  v a lv e s  was s e t  a t  a  
f lo w  r a t e  som ew hat h ig h e r  t h a n  t h e  r e q u i r e d  o p e r a t in g  r a t e  a n d  t h e  
o th e r  v a lv e  was v a r i e d  t o  o b t a i n  t h e  r e q u i r e d  r a t e  (~  2 c c / h r . ) .  The
2b
p r e s s u r e  i n  t h e  i o n  b o t t l e  was c o n t r o l l a b l e  t o  w i th i n  2$  o f  t h e  d e s i r e d  
v a lu e .  T h e re fo re  t h e r e  w as no  f l u c t u a t i o n s  i n  t h e  beam b e c a u se  o f  
p o o r  g a s  p r e s s u r e  c o n t r o l  i n  t h e  io n  b o t t l e .  The beam was p u l s e d  i n  
t h e  t e r m i n a l  a t  a  r e p e t i t i o n  r a t e  o f  2 mcs 1 . P u ls e s  t h a t  em erged  
fro m  t h e  a c c e l e r a t o r  w ere  v a r i a b l e  i n  p u l s e  l e n g t h  (g iv e n  i n  te rm s  o f  
t r a n s i t  t im e  fro m  le a d in g  edge  t o  t r a i l i n g  e d g e )  fro m  10  t o  30  mp s e c .  
T h is  p u l s e d  beam w as t h e n  bent- th r o u g h  a  9 0 °  a n a ly z in g  m agnet an d  
d i r e c t e d  to w a rd s  t h e  t a r g e t .  B e fo re  r e a c h in g  t h e  t a r g e t  t h e s e  p u ls e s  
w ere  s h o r te n e d  f u r t h e r  by  t h e  p o s t - a c c e l e r a t i o n - p u l s i n g  sy s te m  ( F ig .  2 ) .
T h is  sy s te m  was t r i g g e r e d  when t h e  beam p u ls e  p a s s e d  th ro u g h  
t h e  s i g n a l - p i c k u p - c y l i n d e r .  T h is  c y l i n d e r  w as g ro u n d e d  th r o u g h  a  1 0  K 
r e s i s t o r .  'When t h e  beam p u l s e  p a s s e d  th ro u g h  t h e  c y l i n d e r ,  a n  in d u c e d  
c h a rg e  w as p ro d u c e d . The v o l t a g e  p u ls e  from  t h i s  in d u c e d  c h a rg e  was 
a m p l i f i e d ,  c l i p p e d ,  a n d  u s e d  t o  d r iv e  a  tu n e d  a m p l i f i e r .  From t h e  
tu n e d  a m p l i f i e r ,  t h e  s i g n a l  w as f e d  i n t o  a  f r e q u e n c y  m u l t i p l i e r  (2  t o  
12  mcs w h ich  was p r o p e r ly  p h a s e d  t o  d r iv e  a  tu n e d  pow er a m p l i f i e r .  
T h is  0 -1 0  k . v . p . )  o u tp u t  was a p p l i e d  a c r o s s  a  s e t  o f  d e f l e c t i n g  p l a t e s  
w h ich  sw ep t t h e  beam . T h is  v o l t a g e  was i n  p h a s e  so  t h a t  an y  d e s i r e d  
p o r t i o n  o f  t h e  beam p u ls e  c o u ld  be rem oved . I n  t h i s  s e r i e s  o f  e x p e r i ­
m en ts  t h e  b u r s t  d u r a t i o n  was v a r i e d  fro m  a b o u t 20  mp s e c  t o  2 mp se c  
w i th  t h e  p o s t - a c c e l e r a t o r  p u l s e r .  F ig u re  3 shows a  p l o t  o f  t a r g e t  
c u r r e n t  v s  r e c i p r o c a l  d e f l e c t o r  p l a t e  v o l t a g e .  In  t h e o r y  t h e  maximum 
p u l s e r  s e t t i n g  s h o u ld  g iv e  a  t im e  r e s o l u t i o n  w h ich  i s  l i m i t e d  o n ly  by  
t h e  t i m e - o f - f l i g h t  e l e c t r o n i c s  a n d  t h e  o th e r  i te m s  m e n tio n e d  i n  t h e  
s e c t i o n  on t im e  u n c e r t a i n t i e s . F ig u re  4 shows a  p l o t  o f  7 r e s o l u t i o n
25
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( f u l l  w id th  a t  h a l f  maximum) a s  a  f u n c t i o n  o f  p u l s e r  v o l t a g e .  The b e s t  
o b ta in a b le  7 r e s o l u t i o n  f o r  t h i s  e x p e r im e n t h a s  b e e n  2 . 7  mp s e c .
H ow ever, a t  t h a t  r e s o l u t i o n  t h e  beam p u l s e  w as b a r e l y  l a r g e  enough  t o  
s to p  t h e  t im e  c o n v e r t e r .  W ith  t h e  a d d i t i o n  o f  a n o th e r  H e w le tt P a c k a rd  
M odel 1j-60A a m p l i f i e r  i n  t h e  beam p u l s e  l i n e ,  t h e  s to p  p u l s e  was l a r g e  
enough i n  a m p li tu d e  t o  t r i g g e r  t h e  t im e  c o n v e r t e r ;  b u t  i t s  f u l l  w id th  
a t  h a l f  maximum l i m i t e d  t h e  r e s o l u t i o n .  An u l t i m a t e  s o l u t i o n  t o  t h e  
p ro b le m  m ig h t b e  t o  u s e  t h e  s i g n a l  p ic k -u p  p u l s e  a s  t h e  s to p  p u ls e  f o r  
t h e  t im e  c o n v e r t e r .  C ra n b u rg  (C r 5 6 ) c la im s  t h a t  t h e  r i s e  t im e  o f  h i s  
p ic k - u p  p u l s e  i s  o n ly  2 mp se c  a f t e r  a m p l i f i c a t i o n  w i th  tw o  w id e -b a n d  
H e w le tt  P a c k a rd  a m p l i f i e r s .  T h is  i s  a b o u t t h e  r i s e  t im e  t h a t  one w ou ld  
e x p e c t  w i th  tw o  su c h  a m p l i f i e r s  a n d  a  v e ry  f a s t  i n p u t  p u l s e .  Such a  
sy s te m  m ig h t i n d i c a t e  w h e th e r  2 . 7  mp s e c  i s  t r u l y  e l e c t r o n i c  r e s o l u t i o n  
o r  w h e th e r  i t  i s  s t i l l  l i m i t e d  b y  t h e  beam p u l s e .  An a l t e r n a t e  s o l u t i o n  
t o  t h e  p ro b le m  w ith  t h e  p r e s e n t  sy s te m  w i l l  be  p r o v id e d  w i th  t h e  
i n s t a l l a t i o n  o f  t h e  E U o -P lasm atro n  io n  s o u rc e  on t h e  3 -Mev a c c e l e r a t o r .  
R e s u l t s  o f  t h e  m easu rem en ts  made a t  ORNL (K i 6 l )  on a  t e s t  b e n c h  Duo- 
P la s m a tro n  i n d i c a t e  t h a t  t h e  io n  s o u rc e  w i l l  e a s i l y  y i e l d  dc beam 
c u r r e n t s  o f  10  ma. T h is  i s  a  f a c t o r  o f  t e n  g r e a t e r  th a n  t h e  o u tp u t  
o f  a  c o n v e n t io n a l  r f  io n  s o u r c e .  Io n  b u n c h in g  sy s te m s  (Mo 5 5 ) c o u p le d  
w i th  io n  s o u r c e s  l i k e  t h e  IU o -P la sm a tro n  w ou ld  e l im i n a te  t h e  n e e d  f o r  
a m p l i f i c a t i o n  o f  t h e  beam p u l s e .  M obley (Mo 6 l )  h a s  i n d i c a t e d  t h a t  
b u n c h in g  f a c t o r s  o f  30  h a v e  a l r e a d y  b e e n  o b ta in e d  w i th  h i s  sy s te m .
W ith  sub-m p se c  p u l s e s  fro m  t h e  a c c e l e r a t o r ,  t im e  r e s o l u t i o n  w i l l  be
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a lm o s t  e n t i r e l y  d e te rm in e d  b y  t h e  e l e c t r o n i c s  o f  t h e  r e s t  o f  t h e  
t i m e - o f - f l i g h t  sy s te m .
D e te c to r  t im e  r e s o l u t i o n  s t u d i e s . I n  o r d e r  t o  s e p a r a t e  n e u t ro n  
g ro u p s  i n  (He ,n )  r e a c t i o n s  i t  i s  d e s i r a b l e  t o  h av e  v e r y  good t im e
7 O Q
r e s o l u t i o n .  F o r ex am p le , i n  t h e  r e a c t i o n  L i (He ,n )B  t h e r e  i s  some 
q u e s t io n  a b o u t t h e  v a l i d i t y  o f  t h e  2 . 8 3 -Mev l e v e l  i n  I ? .  I f  one 
w ish e d  t o  s tu d y  t h i s  l e v e l  a t  a  He^ e n e rg y  o f  2 Mev a n d  a  l a b  a n g le  
o f  0 ° ,  h e  w ou ld  b e  lo o k in g  a t  n e u t ro n s  o f  8 .5 2  Mev fro m  t h i s  l e v e l  
an d  a t  n e u t ro n s  o f  8 .9 8  Mev fro m  t h e  2 .3 7  Mev l e v e l .  The d i f f e r e n c e  
i n  t h e  r e c i p r o c a l  v e l o c i t i e s  o f  t h e s e  tw o n e u t ro n  g ro u p s  i s  . 64 mp 
s e c /m e te r .  A t a. f l i g h t  p a th  o f  tw o m e te r s  an d  a  t im e  r e s o l u t i o n  
c a p a b i l i t y  o f  1 mp. s e c ,  he  s h o u ld  s e e  tw o  d i s t i n c t  n e u t r o n  g ro u p s  i n  
t h i s  r e g io n .  An a t te m p t  t o  m in im ize  t h e  t i m e - r e s o l v i n g  p r o p e r t i e s  o f  
t h e  ORNL d e t e c t o r  sy s te m  was u n d e r ta k e n  so  t h a t  l e v e l s  w i th  e n e rg y  
s e p a r a t io n s  c o m p arab le  t o  t h e  one above  c o u ld  be s tu d i e d .
F ig u r e  5 shows a  b lo c k  d ia g ra m  o f  t h e  e l e c t r o n i c s  u s e d  t o  s tu d y  
t h e  t i m e - r e s o l u t i o n  p r o p e r t i e s  o f  t h e  t im e - p u l s e  h e i g h t  c o n v e r t e r  an d  
i t s  a s s o c i a t e d  e q u ip m e n t. A d i s c u s s io n  o f  t h e  im p o r ta n t  f e a t u r e s  o f  
e a c h  o f  t h e  com ponen ts  w i l l  f o l lo w .  The f i r s t  s e c t i o n  w i l l  t r e a t  
p l a s t i c  s c i n t i l l a t o r s .
An e x c e l l e n t  -su rv ey  o f  o rg a n ic  s c i n t i l l a t o r s  h a s  b e e n  g iv e n  by 
B rooks (B r 5 6 ) .  Our c h i e f  i n t e r e s t  i n  o rg a n ic  s c i n t i l l a t o r s  i s  i n  
t h e i r  f a s t  d eca y  t im e .  P ro b a b ly  t h e  f a s t e s t  a r e  p ro d u c e d  by t h e  p l a s t i c  
s c i n t i l l a t o r s  (~  3 mp s e c ) .  F o r  t h i s  e x p e r im e n t P i l o t  B p l a s t i c  
s c i n t i l l a t o r s  w ere  u s e d .  I n  o r d e r  t o  s e a l  t h e  s c i n t i l l a t o r  t o  t h e
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Fig. 5. E lectronics Used to Study Time Resolution Param eters.
p h o to tu b e ,  C o rn in g  Wo. 200 f l u i d  was a p p l i e d  t o  t h e  c r y s t a l .  A 
s p r in g - lo a d e d  ca n  h o u se d  e a c h  c r y s t a l .  W ith  t h e s e  c a n s ,  c o n s ta n t  
p r e s s u r e  c o u ld  be a p p l i e d  a g a i n s t  t h e  c r y s t a l ,  so  t h a t  i t  re m a in e d  
a g a i n s t  t h e  p h o to tu b e  f a c e .  F o r t h e  tw o - d e te c to r  a s s e m b ly  s e v e r a l  
s i z e s  o f  c r y s t a l s  w ere  u s e d  from  2" d i a .  t o  3 A "  d i a . ,  w i th  v a r io u s  
th i c k n e s s e s  f o r  e a c h  d ia m e te r .  R e s u l t s  i n d i c a t e  t h a t  p h o to e le c t r o n  
t r a n s i t - t i m e  s p re a d s  a r e  n o t i c e a b l e  w i th  t h e  l a r g e r  c r y s t a l s .  In  
f a c t ,  f o r  t h e  C725 I  p h o t o m u l t i p l i e r ,  t h e  r e s o l u t i o n  ch an g e d  from  1 . 5  
t o  2 . 5  mp s e c  w i th  a  ch an g e  fro m  1 "  t o  2" in  c r y s t a l  d ia m e te r .  T h ese  
r e s u l t s  seem t o  b e  c o n s i s t e n t  w i th  t h o s e  r e p o r t e d  by W illia m s  (Wi 6 l )  
i n  w h ich  he u s e d  a  m e rc u ry -c a p s u le  l i g h t - p u l s e  g e n e r a to r  t o  m easu re  
t h e  t r a n s i t - t i m e  d i f f e r e n c e s  f o r  v a r io u s  p o s i t i o n s  on t h e  p h o to c a th o d e  
s u r f a c e .  H ow ever, h i s  m easu rem en ts  w ere  p e r fo rm e d  a t  t h e  anode  w i th  
a  L uraatron  s a m p lin g  o s c i l l o s c o p e ,  w h ile  o u rs  w ere  made by  t h e  i n d i r e c t  
m ethod  o f  lo o k in g  a t  t h e  ch an g e  i n  o v e r a l l  r e s o l u t i o n  o f  t h e  sy s te m . 
The v a r io u s  p h o t o m u l t i p l i e r s  u s e d  f o r  t h e  above  c r y s t a l s  w i l l  be  
d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .
P ro b a b ly  one o f  t h e  b e s t  l i s t i n g s  o f  p h o to tu b e s  a n d  t h e i r  
c h a r a c t e r i s t i c s  c a n  be  fo u n d  i n  t h e  C o u n tin g  Handbook (L a 59 )> The 
tu b e s  t h a t  we t r i e d  w ere  RCA's 6810A, C725 I ,  a n d  726^-. The v e ry  
e x c e l l e n t  p r o p e r t i e s  o f  t h e  726^ a s  a  t i m e - o f - f l i g h t  p h o to tu b e  w ere  
s u g g e s te d  by  E . E i c h l e r  (E i  6 0 ) .  E ach  o f  t h e s e  p h o to tu b e s  i s  a  l 1*-- 
s t a g e  p h o to m u l t i p l i e r  w i th  a  l i n e a r  dynode m u l t i p l i e r  s t r u c t u r e .  Our 
m easu rem en ts  i n d i c a t e  t h a t  u s in g  t h e  7 26^ a s  t h e  s t a r t  tu b e  an d  a  
C725 I  a s  t h e  s to p  tu b e  gave  t h e  b e s t  o v e r a l l  sy s te m  r e s o l u t i o n  ( l e s s
3 2
t h a n  1 mp s e c ) .  H ow ever, r e p o r t e d  (G r 5 8 ) t r a n s i t - t i m e  s p r e a d s  f o r  a  
g iv e n  ty p e  o f  p h o to tu b e  c a n  v a r y  by  a  f a c t o r  o f  tw o  o r  m ore . I t  m ig h t 
be  t h a t  t h e  s t a r t  tu b e  was a n  e x c e p t io n a l ly  good 7 2 6 4 . C e r t a i n l y  t h e  
6 8 lO A 's  h a d  t r a n s i t  t im e  s p re a d s  g r e a t e r  th a n  t h e  7 2 6 4 , b e c a u se  o u r  
b e s t  r e s o l u t i o n  w i th  a  p a i r  o f  th em  was 2 . 5  mp s e c .  I n  t h e  n e x t  
s e c t i o n  t h e  o th e r  e l e c t r o n i c  com ponents o f  F ig .  5 w i l l  be  d i s c u s s e d .
In  o r d e r  t o  p r o v id e  a  p r e l im in a r y  c h e c k  on t h e s e  f a s t  d e t e c t o r s  
a  "tw o d e t e c t o r "  a s se m b ly  was made ( F ig .  5 ) .  I n  t h e  a s se m b ly  t h e  tw o 
t im e  c o r r e l a t e d  p u l s e s  come from  t h e  a n n i h i l a t i o n  r a d i a t i o n  o f  t h e  
22Na s o u rc e .  T h is  s o u rc e  was p la c e d  t h e  common a x i s  o f  t h e  tw o  p h o to -  
-  tu b e s  an d  a t  a n  e q u a l  d i s t a n c e  from  ea c h  c r y s t a l .  W ith  t h i s  a r ra n g e m e n t 
i d e n t i c a l  c o u n t in g  r a t e s  s h o u ld  be  o b s e rv e d  from  t h e  tw o  y  r a y s .  Of 
c o u r s e ,  t h i s  s o u rc e  a l s o  e m its  a  1 .28 -M ev  y  r a y  w h ich  p ro d u c e d  random  
c o u n ts  i n  b o th  p h o to tu b e s .  Two p u l s e s  a r e  t a k e n  from  e a c h  p h o to tu b e  
( c a l l e d  f a s t  a n d  slow  p u l s e s ) .  The s lo w  p u l s e s  w h ich  come from  t h e  
n e x t - t o - l a s t  dynode on e a c h  p h o to tu b e ,  a r e  p o s i t i v e ,  a n d  h av e  r i s e  
t im e s  o f  t h e  o r d e r  o f  5 mp s e c .  F a s t  p u l s e s  c o l l e c t e d  a t  t h e  a n o d e , 
a r e  n e g a t iv e ,  a n d  h av e  r i s e  t im e s  o f  t h e  o r d e r  o f  1 mp s e c .  In  b o th  
b ra n c h e s  o f  t h e  e l e c t r o n i c s  t h e  s lo w  p u l s e s  h a v e  i d e n t i c a l  r o u t i n g .
They a r e  f i r s t  a m p l i f i e d  w i th  A8 a m p l i f i e r s  an d  th e n  f e d  i n t o  s i n g l e ­
c h a n n e l a n a l y z e r s .  I n  o r d e r  t o  a c h ie v e  t h e  b e s t  r e s o l u t i o n  i t  was 
n e c e s s a r y  t o  s e t  t h e  s in g l e - c h a n n e l  w indow s a t  a b o u t  yja o f  t h e i r  
maximum p o s s i b l e  v a lu e .  The p u l s e - h e i g h t  b a s e  l i n e  was a d j u s t e d  f o r  
eac h  s i n g l e  c h a n n e l by f e e d in g  i t s  o u tp u t  i n t o  a  s c a l e r .  W ith  t h i s  
a l ig n m e n t ,  t h e  s in g le - c h a n n e l  o u tp u t s  w ere  f e d  i n t o  a_ c o in c id e n c e
c i r c u i t  w h ich  was u s e d  t o  g a te  t h e  m u l t ic h a n n e l  a n a l y z e r .  One o f  t h e  
f a s t  p u l s e s  was f e d  d i r e c t l y  i n t o  t h e  s t a r t  s id e  o f  t h e  t im e  c o n v e r t e r  
( F ig .  6 ) ,  w h i le  t h e  o th e r  w as a m p l i f i e d ,  d e la y e d  a  known am ount T ^ , 
a n d  f e d  i n t o  t h e  s to p  s id e  o f  t h e  c o n v e r t e r .  The o u tp u t  o f  t h e  t im e  
c o n v e r t e r  was a m p l i f i e d  a n d  d i s p la y e d  on a  m u l t ic h a n n e l  a n a l y z e r .  A 
s i n g l e  n a rro w  p e a k  was o b s e rv e d  on t h e  sc o p e  o f  t h e  a n a l y z e r .  I f  t h e  
d e la y  was ch an g e d  a  known am ount (£T ) t h e  p e a k  w ou ld  move a  g iv e n  
num ber o f  c h a n n e ls  (Z £ ) .  By t a k i n g  s e v e r a l  d e la y s  t h e  t im e  p e r  c h a n n e l 
was d e te rm in e d .  A f t e r  t h i s  v a lu e  was e s t a b l i s h e d  t h e  f u l l  w id th  a t  
h a l f  maximum o f  t h e  y  p eak  was d e te rm in e d  b y  c o u n t in g  t h e  num ber o f  
c h a n n e ls  t h a t  i t  sp a n n e d . R e s u l t s  o f  t h e  m easu rem en ts  w ere  v e ry  
s e n s i t i v e  t o  t h e  p a r a m e te r s  o f  t h e  t im e  c o n v e r t e r ,  p a r t i c u l a r l y  t h e  
b i a s  l e v e l s  o f  t h e  6AK5 ancL t h e  6AU6 .
V; . ELECTRONICS
I n  t h i s  s e c t i o n  t h e  e l e c t r o n i c s  f o r  m ak ing  t h e  t im e  m e a su re ­
m en ts  a n d  o b s e rv in g  t h e  p u l s e  s p e c t r a  w i l l  b e  d i s c u s s e d .  I n  o r d e r  t o  
i l l u s t r a t e  how t h e  v a r io u s  com ponen ts  c o u p le  t o g e t h e r  s e v e r a l  b lo c k  
d ia g ra m s  w i l l  b e  shown.
Time s p e c tru m . A b lo c k  d ia g ra m  o f  t h e  e l e c t r o n i c  a p p a r a tu s  
u s e d  t o  t a k e  t im e  s p e c t r a  i s  shown i n  F ig .  7* The p h o to tu b e  u s e d  was 
a n  RCA 7014-6. I t  i s  a  l i  s t a g e ,  l i n e a r  d y n o d e , h ig h  g a in ,  l o w - t r a n s i t  
t im e  t u b e .  W ith  a  if" x 3" c r y s t a l  r a t h e r  h ig h  e f f i c i e n c i e s  w ere  
o b ta in e d .  T h is  s u b je c t  w i l l  b e  d i s c u s s e d  i n  some d e t a i l  i n  t h e  n e x t
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Fig. 7. Block Diagram {or Tim e-of-Flight Spectrum.
c h a p te r .  As I n  t h e  tw o - d e t e c to r  a s s e m b ly , t h e  s t a r t  p u l s e  came from  
t h e  an o d e  o f  t h e  p h o to tu b e .  S low  p u l s e s  from  t h e  p h o to tu b e  w ere  
a m p l i f i e d  a n d  s e n t  i n t o  a  s i n g l e - c h a n n e l  a n a ly z e r  w h ich  g a te d  t h e  
m u l t ic h a n n e l  a n a l y z e r .  The s in g l e - c h a n n e l  a n a ly z e r  was o p e r a te d  on  
t h e  i n t e g r a l  ra n g e  a n d  i t s  b a s e  l i n e  s e t t i n g  was d e te rm in e d  by  t h e  
lo w e s t  e n e rg y  n e u t r o n  g ro u p  t h a t  c o u ld  b e  s e e n  w i th  a  good s i g n a l  t o  
n o is e  r a t i o .  Beam p u l s e s  a t  t h e  t a r g e t  w ere  a m p l i f i e d ,  d e la y e d ,  a n d  
u s e d  t o  s to p  t h e  t im e  c o n v e r t e r .  A f t e r  a m p l i f i c a t i o n  t h e  o u tp u t  o f  
t h e  c o n v e r t e r  was a n a ly z e d  b y  a n  RCL 20 ij-8 -channel a n a l y z e r .  F ig u r e s  
8 , 9 , a n d  1 0 , show t y p i c a l  t im e  s p e c t r a  f o r  t h e  t h r e e  r e a c t i o n s  t h a t
w ere  s tu d i e d .  An exam ple o f  t h e  r e s o l u t i o n  w i th  t h i s  sy s te m  i s  t h e
9 ^ XXg r o u n d - s t a t e  n e u t ro n s  f o r  Be (He ,n )C  ( f a r  r i g h t  g roup^  F ig .  1 0 ) .
The f u l l  w id th  a t  h a l f  maximum f o r  t h i s  g ro u p  i s  4 mp s e c .  Of c o u r s e ,  
t h e  7 r a y  f o r  t h i s  t im e  s p e c tru m  w ou ld  h av e  a  f u l l  w id th  a t  h a l f  maximum 
o f  a b o u t 3 mp s e c .
P u ls e  s p e c tru m . F ig u r e  11 i s  a  b lo c k  d ia g ra m  o f  one o f  t h e  
sy s tem s  u s e d  t o  t a k e  p u ls e  s p e c t r a .  P u ls e s  from  t h e  p h o t o m u l t i p l i e r  
s t a r t  t h e  t im e  c o n v e r t e r  a n d  d e la y e d  beam p u l s e s  s to p  t h e  c o n v e r t e r .  
O u tp u t p u l s e s  from  t h e  t im e  c o n v e r t e r  a r e  a m p l i f i e d  a n d  f e d  i n t o  a  
s in g le - c h a n n e l  a n a l y z e r .  T hese  p u l s e s  a r e  u s e d  i n  c o in c id e n c e  w i th  
t h e  s lo w  p u l s e s  from  t h e  DD2 a m p l i f i e r  t o  g a te  t h e  m u l t ic h a n n e l  a n a l y z e r .  
F ig u re  12 shows a  t y p i c a l  p u l s e  sp e c tru m  f o r  g r o u n d - s ta t e  n e u t ro n s  from  
Be (He ,n )C  . The p u l s e  sp e c tru m  i n  t h e  f i g u r e  h a s  h a d  t h e  b a c k g ro u n d  
s u b t r a c t e d .  B ackground  s u b t r a c t i o n  was a c c o m p lish e d  i n  t h e  fo l lo w in g  
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Fig. 8. Time-of-Flight Spectrum for Neutrons from C '^(He^ ,r>)0 '5 a t  0 | ob = 0°, E  3 ^ 2  Mev 
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Fig . 13. Block Diagrom for P u lse  Spectrum w ith Memory S p litte r.
t h e  m u l t ic h a n n e l  a n a l y z e r ,  w h ich  was g a t e d  by  t h e  t i m e r  s i n g l e  c h a n n e l .  
In  t h i s  m anner t h e  s i n g l e - c h a n n e l  window c o u ld  b e  s e t  d i r e c t l y  on  t h e  
n e u t r o n  g ro u p  w hose p u l s e  s p e c tru m  was b e in g  s t u d i e d .  I n  o r d e r  t o  
lo o k  a t  t h e  b a c k g ro u n d  p u l s e  sp e c tru m  a  s i m i l a r  p ro c e d u re  was f o l lo w e d ,  
e x c e p t  t h a t  t h e  s i n g l e - c h a n n e l  window w as s e t  i n  t h e  b a c k g ro u n d  r e g io n  
n e a r  t h e  p eak  b e in g  s t u d i e d .  I f  t h e  b a c k g ro u n d  w as t im e  d e p e n d e n t,  
some e r r o r s  w o u ld  be  i n t r o d u c e d  b y  t a k i n g  t h e  p u l s e  s p e c t r a  a n d  b a c k ­
g ro u n d  s p e c t r a  a t  tw o  d i f f e r e n t  t i m e s .  T h is  d i f f i c u l t y  w as overcom e 
w i th  t h e  a d d i t i o n  o f  a  "memory s p l i t t e r "  on t h e  IK)L 2048 c h a n n e l 
a n a ly z e r  ( F ig .  13)*  The w indow s o f  t h e  s i n g l e  c h a n n e ls  w ere  s e t  i n  
t h e  m anner d e s c r ib e d  a b o v e , e x c e p t t h e  p u l s e  sp e c tru m  was s t o r e d  i n  
c h a n n e ls  O-5I I  a n d  i t s  b a c k g ro u n d  was simultaneously s t o r e d  i n  c h a n n e ls  
5 1 2 -1 0 2 4 . A M osely  P r e c i s i o n  p l o t t e r  w as u s e d  t o  p l o t  t h e  r e s u l t s  
d i r e c t l y  fro m  t h e  memory o f  t h e  RCL 2048 . I f  t h e  p l o t t e r  was s e t  so  
t h a t  t h e  b a c k g ro u n d  sp e c tru m  was p l o t t e d  d i r e c t l y  b e low  t h e  p u l s e  
s p e c tru m , g r a p h ic a l  s u b t r a c t i o n  c o u ld  b e  p e r fo rm e d  t o  g e t  t h e  t r u e  p u l s e  
sp e c tru m  i n  a  v e ry  s h o r t  t i m e .  In  t h e  c o u r s e  o f  t h e  e x p e r im e n t p u l s e
s p e c t r a  w ere  ta k e n  once a  d a y . T h ese  s p e c t r a  w ere  u s u a l l y  t a k e n  w i th
9a  t h i c k  Be t a r g e t  a n d  a  f l i g h t  p a th  o f  3 m e te r s .  T h is  t a r g e t  w o u ld  
e n a b le  u s  t o  m easu re  p u l s e  s p e c t r a  from  f o u r  g ro u p s  o f  n e u t ro n s  i n  
a b o u t 2 h o u r s .  W ith  t h i s  p r e c a u t io n  a n y  g a in  s h i f t  t h a t  o c c u r r e d  i n  
t h e  p h o t o m u l t i p l i e r  tu b e  o r  a m p l i f i e r  sy s te m  c o u ld  b e  o b s e rv e d .
The e r r o r  in t r o d u c e d  i n t o  t h e  e f f i c i e n c y  c a l c u l a t i o n  o f  t h e  
d e t e c t o r  by  g a in  s h i f t  i n  t h e  a m p l i f i e r  sy s te m  w i l l  be  d i s c u s s e d  i n  
t h e  n e x t  c h a p t e r .
CHAPTER I I I
PRESENTATION OF nATA
I n  t h i s  c h a p te r  s e v e r a l  t o p i c s  w i l l  be d is c u s s e d  c o n c e rn in g  th e  
e x p e r im e n ta l  d a t a  and th e  n e c e s s a r y  c a l c u l a t i o n s  f o r  i t s  f i n a l  fo rm .
The f i r s t  s e c t i o n  i s  co n c e rn e d  w i th  th e  e f f i c i e n c y  o f  th e  p l a s t i c  
s c i n t i l l a t o r  f o r  s in g le  and m u l t ip l e  s c a t t e r i n g .  I n  th e  seco n d  s e c t i o n  
p u ls e  s p e c t r a  m easurem en ts  and c a l c u l a t i o n s  a r e  d i s c u s s e d .  S e c t io n s  3> 
k ,  5 , and  6 t r e a t  th e  t h r e e  r e a c t io n s  s tu d ie d  and  th e  p r e s e n t a t i o n  o f  
th e  d a t a .  I n  th e  f i n a l  s e c t i o n ,  e r r o r s  a r e  d is c u s s e d  f o r  th e s e  m e a su re ­
m ents .
I .  PLASTIC SCINTILLATOR EFFICIENCY
S in g le  s c a t t e r i n g  c a l c u l a t i o n s . P l a s t i c  s c i n t i l l a t o r s  a r e  
among th e  m ost e f f i c i e n t  d e t e c to r s  f o r  n e u tro n s  o f  e n e r g ie s  from  .5  
Mev t o  15 Mev (Mu 58 )•  H ie r e c o i l  p r o to n  sp ec tru m  i n  th e  s c i n t i l l a t o r  
can  be  e v a lu a te d  to  d e te rm in e  th e  o r i g i n a l  n e u t ro n  sp e c tru m  (Se 5 ^ ,
Cr 51)* H ow ever, i n  m o st e x p e r im e n ts  s e v e r a l  g ro u p s  o f  n e u t ro n s  a r e  
p r e s e n t  w ith  t h e i r  a s s o c ia t e d  7 r a y s .  In  o r d e r  t o  lo o k  a t  t h e  p u ls e  
sp ec tru m  o f  a  s p e c i f i c  n e u t ro n  g ro u p  a d d i t i o n a l  in s t r u m e n ta t io n  i s  r e ­
q u i r e d .  I n  t i m e - o f - f l i g h t  e x p e r im e n ts  t h e  p u ls e  sp e c tru m  can  e a s i l y  
be g a te d  w ith  t h e  tim e  sp ec tru m  so  t h a t  o b s e r v a t io n s  can  be  made on a  
s in g l e  n e u t ro n  g ro u p . The c i r c u i t r y  u se d  i n  o u r  e x p e r im e n t t o  accom ­
p l i s h  t h i s  g a t in g  i s  d e s c r ib e d  i n  C h a p te r  I I .
The s i n g l e  s c a t t e r i n g  e f f i c i e n c y  ( )  f o r  a  v e ry  t h i n  p l a s t i c  
s c i n t i l l a t o r  c o n ta in in g  o n ly  h y d ro g e n  and. c a rb o n  i s  g iv e n  b y :
-aZrx -  g 
\  ~
w here
a  = V i  + n l 2 ° l 2
n ^  a n d  n ^  -  num ber o f  h y d ro g e n  a n d  c a rb o n  a to m s/cm
a n d  c r ^  = n e u t r o n  s c a t t e r i n g  c r o s s  s e c t i o n s  f o r  h y d ro g en
a n d  c a rb o n
Zq = t h i c k n e s s  o f  t h e  c r y s t a l .  — -
Of c o u r s e  e q u a t io n  ( 1 0 ) ig n o r e s  t h e  non  l i n e a r  r e s p o n s e  o f  t h e  c r y s t a l
l i g h t  o u tp u t  (B i 5 1 , B i ^2,  Ta 5 1 ) nnd  edge  e f f e c t s  (Sw 5 6 ) ,  t h a t  i s ,
t h e  l o s s  o f  r e c o i l  p r o to n s  fro m  t h e  en d s a n d  s id e s  o f  t h e  c r y s t a l .  The 
p u l s e  sp e c tru m  f o r  e q u a t io n  ( 1 0 ) w ou ld  be a  r e c t a n g u l a r  d i s t r i b u t i o n  
w i th  a  maximum p u l s e  h e i g h t  p r o p o r t i o n a l  t o  E^ ( e n e rg y  o f  n e u t r o n  g ro u p  
b e in g  s t u d i e d ) .  F o r t h i c k  c r y s t a l s  (w h ere  Zq i s  o f  t h e  o r d e r  o f  a  
mean f r e e  p a t h  f o r  n e u t ro n s  o f  e n e rg y  E ) m u l t i p l e  s c a t t e r i n g  c o r r e c ­
t i o n s  m ust be  made t o  d e te rm in e  t h e  e f f i c i e n c y  o f  t h e  c r y s t a l  (C r 5 1 )*
12T h ese  c o r r e c t i o n s  s h o u ld  in c lu d e  t h e  v a r i a t i o n  o f  t h e  n ,p  a n d  n,C 
s c a t t e r i n g  c r o s s  s e c t i o n s  a s  a  f u n c t i o n  o f  e n e rg y  a n d  a n g le  (Hu 55)*
The b e s t  way t o  c o r r e c t l y  s o lv e  t h i s  com plex  p ro b le m  i s  t o  make a  
M onte C a r lo  c a l c u l a t i o n .  S e v e r a l  " s p e c i a l  g e o m e try "  c a l c u l a t i o n s  o f  
t h i s  ty p e  h a v e  b e e n  made (C l 5 2 , Da 6 0 ) .  H ow ever, w i th  t h e  i n c r e a s i n g  
u s e  o f  p l a s t i c  s c i n t i l l a t o r s  a s  n e u t r o n  d e t e c t o r s ,  m ore o f  t h e s e  c a l ­
c i n a t i o n s  s h o u ld  be  made a v a i l a b l e  f o r  t h e  e x p e r im e n te r .
k6
M u lt ip le  s c a t t e r i n g  c a l c u l a t i o n s . F o r t h i s  r e p o r t  a v e ra g e
m u l t i p l e  s c a t t e r i n g  c o r r e c t i o n s  w i l l  "be made f o r  e q u a t io n  ( 1 0 ) .  In
o r d e r  t o  make t h e s e  c a l c u l a t i o n s  t h e  f o l lo w in g  a s s u m p tio n s  a r e  made:
( i )  The r e c o i l  c a rb o n  n u c le u s  p ro d u c e s  a  n e g l i g i b l e
p u ls e  (B i 51 )
12( i i )  The n ,C  a n d  n ,p  s c a t t e r i n g  c r o s s  s e c t i o n s  a r e
i s o t r o p i c  i n  t h e  c e n t e r  o f  m ass sy s te m  (Ma V7 ,  Ba 5 1 )
1 p
( i i i )  An a v e ra g e  v a lu e  th ro u g h  a  r e s o n a n c e  i n  t h e  n ,C
s c a t t e r i n g  c r o s s  s e c t i o n  can  be u s e d
12( i v )  The n e u t r o n s  once s c a t t e r e d  from  C h av e  a n  a v e ra g e
Tt
e n e rg y  E ’ = ^  J ' E '(© ) s i n  © d 9 w here  E*(©) i s  d e -
0 12 t e r m in e d  by  t h e  k in e m a t ic s  o f  t h e  (n ,C  ) s c a t t e r i n g
p r o c e s s  ( s e e  A p p en d ix )
(v )  The n e u t ro n s  E ' t r a v e l  a n  a v e ra g e  p a t h  l e n g th  Z^ b e f o r e
a  s e c o n d  s c a t t e r i n g  o c c u r s .
W ith  t h e s e  a s s u m p tio n s  t h e  a v e ra g e  e f f i c i e n c y  i s  g iv e n  b y :
f V n121’l2 ( l  * C > + 1 1 
e2 = 1 I  ----- :----------5 ^ ------------------- }  M
w here  t h e  p rim e  i n d i c a t e s  t h a t  t h e  s c a t t e r e d  n e u t ro n  e n e rg y  i n  ( i v )  i s  
t o  b e  u s e d  i n  c a l c u l a t i n g  o^ ' , p 1, a n d  a 1. F o r a  ( V  x 3 " )  c r y s t a l ,  
a s s u m p tio n  No. ( i i i )  i s  n o t  t o o  c r i t i c a l .  A f a c t o r  o f  2 i n c r e a s e  i n  
Z^ g av e  o n ly  a  few  p e r  c e n t  ch an g e  i n  e ^ . A p l o t  o f  a s  a  f u n c t i o n  
o f  i n c i d e n t  n e u t r o n  e n e rg y  i s  shown i n  F ig .  l l . D ouble s c a t t e r i n g  
fro m  h y d ro g e n  w i l l  n o t  ch an g e  s in c e  t h e  tw o e v e n ts  o c c u r  i n  su ch  a
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Fig. 14. C alculated Efficiency of 4 x 3 in. P la s tic  Scintillator.
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f  \ \s h o r t  t im e  ( J  t h a t  t h e  p h o to tu b e  r e c o r d s  them  a s  a  s i n g l e  e v e n t .  
T h is  summing w i l l  o f  c o u r s e  be sm ea re d  o u t  b e c a u se  o f  t h e  n o n - l i n e a r  
r e s p o n s e  o f  t h e  c r y s t a l .  The e f f e c t  o f  d o u b le  s c a t t e r i n g  from  h y d ro g e n  
on p u l s e  s p e c t r a  w i l l  b e  d i s c u s s e d  i n  t h e  s e c t i o n  t o  fo l lo w .
I I .  PUU3E SPECTRA
F o r c r y s t a l s  w i th  h ig h  e f f i c i e n c i e s  (e ^  >  1 0^>) m u l t i p l e  s c a t ­
t e r i n g  w i l l  c a u s e  a  n o t i c e a b l e  ch an g e  i n  p u l s e  s p e c t r a .  The a v e ra g e  
e f f e c t  i s  t o  p ro d u c e  a  p e a k in g  on t h e  h ig h  e n e rg y  en d  o f  t h e  sp e c tru m . 
F ig .  12 shows t h i s  e f f e c t  f o r  9*83 Mev n e u t ro n s  from  B e^ { H e^ ,n )C ^ ' b e ­
tw een  c h a n n e ls  120 a n d  1 7 0 . F o r an  i n f i n i t e l y  t h i c k  p l a s t i c  s c i n t i l ­
l a t o r  t h e  p u l s e  sp e c tru m  f o r  n e u t ro n s  o f  e n e rg y  E^ w ou ld  be a  s i n g l e  
l i n e  a t  p u ls e  h e i g h t  E ^ . Of c o u r s e  t h e  l i n e  w ou ld  be b ro a d e n e d  b e c a u se  
o f  c r y s t a l  r e s p o n s e .
I n  m ost e x p e r im e n ta l  a r ra n g e m e n ts  i t  i s  n e c e s s a r y  t o  s e t  a  lo w e r 
b ia s  v o l t a g e  (£ „ )  so  t h a t  o n ly  p u l s e s  ab o v e  t h e  b ia s  l e v e l  a r e  c o u n te d .Sj
The r e a s o n  f o r  s e t t i n g  t h e  b ia s  i s  c h i e f l y  t o  e l im i n a t e  p h o to m u l t i p l i e r  
tu b e  n o i s e  o r  low  e n e rg y  n e u t r o n s .  F o r t i m e - o f - f l i g h t  e x p e r im e n ts  t h e  
b ia s  l e v e l  i s  u s u a l l y  d e te rm in e d  by t h e  b e s t  s i g n a l  t o  n o is e  r a t i o  f o r  
t h e  lo w e s t  e n e rg y  n e u t r o n  g ro u p  t h a t - i s  b e in g  s tu d i e d .  S in c e  some 
r e c o i l  p r o to n  p u l s e s  fro m  n e u t ro n s  o f  a l l  e n e r g i e s  f a l l  below  t h e  b ia s  
i t  i s  n e c e s s a r y  t o  c o r r e c t  f o r  t h e s e  l o s t  c o u n ts .  T h is  c o r r e c t i o n  i s  
made b y  d e te rm in in g  t h e  a r e a  o f  t h e  p u ls e  sp e c tru m  c u rv e  u n d e r  t h e  
b ia s  l e v e l .  The r a t i o  o f  t h i s  a r e a  t o  t h e  t o t a l  a r e a  i s  th e n  t h e  num­
b e r  o f  r e c o i l  p r o to n  p u l s e s  l o s t .  The s p e c tru m  f r a c t i o n  ( f )  i s  t h e
r a t i o  o f  t h e  num ber o f  c o u n ts  r e c o r d e d  t o  t h e  t o t a l  num ber p r e s e n t .
F o r  a  f l a t  p u l s e  sp e c tru m  f  i s  g iv e n  by ;
f  = 1 -  r r  • ( 1 2 )
N
I f  t h e  m u l t i p l e  s c a t t e r i n g  o f  t h e  n e u t ro n s  i n  t h e  c r y s t a l  i s
c o n s id e r e d  t h e  p u ls e  s p e c tru m  i s  u s u a l l y  more d i f f i c u l t  t o  e v a l u a t e .
The d i f f i c u l t y  comes i n  t r y i n g  t o  d e te rm in e  t h e  sh ap e  o f  t h e  sp e c tru m




f  = e------------------  (1 3 )
f °J  N(E)dE 
o
w here  IKE) i s  t h e  p u ls e  sp e c tru m  c u rv e  f o r  n e u t ro n s  o f  e n e rg y  E.
S w a r tz  (Sw 5 6 ) h a s  shown t h a t  f o r  d o u b le  s c a t t e r i n g  by h y d ro g en  N(E) 
t a k e s  t h e  fo rm ;
N(E) = 1 + A IA = - v= - 1 )  ! ) - ; E „ ”  I (14)m o
w here  A a n d  m a r e  d e te rm in e d  from  t h e  e f f i c i e n c y  ( e ^ )  c u rv e  by  t h e  
e x p r e s s io n ;
= Ae“m (1 5 )
a n d  E ^  i s  t h e  e n e rg y  o f  t h e  i n c i d e n t  n e u t r o n s .  F ig .  15 shows a  
t h e o r e t i c a l  p u l s e  sp e c tru m  o f  10 Mev n e u t ro n s  f o r  a  4 "  x 3" p l a s t i c  















Fig. 15. Theoretical P u lse  Spectra of 10-Mev Neutrons for 4 x 3 in. P la s tic  Scintillator. VJ1O
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ab o v e  th e  b i a s  by  m e a su r in g  and  c a l c u l a t i n g  i t s  v a l u e .  The tw o c u rv e s  
w ere  n o rm a liz e d  w i th  a  5$  n o r m a l i z a t io n  f a c t o r  t o  a  s i n g l e  c u rv e .
Below  th e  b i a s  th e  c a l c u l a t e d  v a lu e  o f  f  was u s e d .  F ig .  16 shows th e  
p r o d u c t  ( e ^ f )  f o r  a  g iv e n  b i a s  s e t t i n g .  I n  o r d e r  t o  d e te rm in e  th e  
num ber o f  n e u t ro n s  i n  a  t im e  sp e c tru m  g ro u p , th e  r e c o rd e d  num ber was 
d iv id e d  b y  ( e ^ f ) .
The p r o b a b le  e r r o r  a s s o c i a t e d  w i th  t h e  o v e r a l l  e f f i c i e n c y  o f  th e  
s c i n t i l l a t o r  w i l l  b e  d i s c u s s e d  i n  t h e  l a s t  s e c t i o n  o f  t h i s  c h a p t e r .
I I I .  THE Be9 (He3 ,n )C 1;L REACTION
F ig u re  10 shows a  tim e  sp e c tru m  f o r  t h i s  r e a c t i o n .  I n  th e  
sp e c tru m  a r e  shown n e u t ro n s  from  th e  g ro u n d  s t a t e  ( c h a n n e l  2 2 9 ) 
th o s e  from  th e  f i r s t  s e v e n  e x c i t e d  s t a t e s .  The p e a k  i n  c h a n n e l  125 
i s  com posed o f  n e u t ro n s  from  th e  u n re s o lv e d  f o u r t h  and f i f t h  e x c i t e d  
s t a t e s .  T h is  tim e  sp e c tru m  shows th e  maximum num ber o f  r e s o lv a b l e  
g ro u p s  o b ta in e d  f o r  th e  r e a c t i o n .  I n  o r d e r  t o  s e e  th e s e  g ro u p s  i t  was 
n e c e s s a r y  t o  s e t  t h e  b i a s  v o l t a g e  a t  a  r e l a t i v e l y  low  v a lu e  ( l . l  M ev). 
To i l l u s t r a t e  t h i s  p o i n t ;  th e  p e a k  i n  c h a n n e l 125 i s  f o r  n e u t r o n s  o f
1 .9 5  Mev w h ile  t h e  one i n  c h a n n e l  229 i s  f o r  10 Mev n e u t r o n s .
F o r th e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  tw o b i a s  s e t t i n g s  w ere  
u se d  ( l . l  Mev and  2 .5  M ev). The h ig h e r  s e t t i n g  p ro v id e d  a  b e t t e r  
s i g n a l  t o  n o is e  r a t i o  f o r  th e  h ig h  e n e rg y  g ro u p s .
The y i e l d  f o r  t h i s  r e a c t i o n  was c o p io u s  enough  t h a t  6 m e te r  

































o f  t h e  s c a t t e r i n g  a r e a  a l lo w e d  o n ly  3 m e te r  f l i g h t  p a t h s  a t  t h e  b ack  
a n g l e s .
A n g u la r  d i s t r i b u t i o n s  w ere  m e asu re d  f o r  n e u t ro n s  from  th e
1 'I
f o l lo w in g  s t a t e s  o f  e x c i t a t i o n  i n  C ,  g ro u n d  ( P ig .  17)> f i r s t  ( F ig .  
1 8 ) ,  seco n d  ( F ig .  19)> t h i r d  ( F ig .  20 ), and f o u r t h  ( F ig .  2 1 ) .  T hese  
m easu rem en ts  w ere  made a t  a  He3 e n e rg y  o f  2 .0 7 5  Mev.
E x c i t a t i o n  f u n c t i o n s  w ere  m e asu red  a t  0 °  and  8 1 .5 °  f o r  t h e  
same s t a t e s ,  g ro u n d  ( F ig .  2 2 ) ,  f i r s t  ( F ig .  2 3 ) ,  seco n d  ( F ig .  2 4 ) ,  
t h i r d  ( F ig .  25), and  f o u r t h  ( F ig .  2 6 ) .
F ig u re  27 shows t h e  sum o f  t h e s e  e x c i t a t i o n  c u r v e s .  F o r  com­
p a r i s o n  t h e  C h a lk  R iv e r  d a t a  a t  0 ° f o r  th e  same r e a c t i o n  a r e  a l s o  on 
th e  c u r v e .  T h is  d a t a  was n o rm a l iz e d  a t  E ê 3 ~  2 Mev t o  th e  ORNL d a t a .  
I t  was n e c e s s a r y  t o  n o rm a l iz e  t h e  d a t a  s in c e  i t  was r e p o r t e d  o n ly  a s  
a  r e l a t i v e  y i e l d .
IV . THE C1 3 (He3 , n ) 0 15  REACTION
F ig u re  8  shows a  t im e  sp e c tru m  f o r  t h i s  r e a c t i o n .  In  t h e  f i g u r e  
th e  g ro u n d  s t a t e  n e u t ro n s  ( c h a n n e l  172) h av e  a n  e n e rg y  o f  9*^-3 Mev and 
th o s e  from  th e  t h i r d  e x c i t e d  s t a t e  ( c h a n n e l  1 3 9 ) a r e  2 .9 8  Mev. T hese 
tw o p e a k s  r e p r e s e n t  t h e  o n ly  r e s o lv e d  g ro u p s  f o r  t h i s  m e asu re m en t.
A f l i g h t  p a t h  o f  3 m e te r s  g av e  a  t im e  s e p a r a t i o n  o f  16 mu s e c  
b e tw e e n  n^ and  th e  u n re s o lv e d  g ro u p  n^  + n ^ . T h e re  was no e v id e n c e  o f  
n e u t ro n s  from  C ^ ( H e 3 , n ) 0 'L̂  ev e n  a t  t h e  h i g h e s t  b o m b ard in g  e n e rg y .  In  
F ig .  8 t h e y  w ould  a p p e a r  i n  a b o u t c h a n n e l  9 0 .
UNCLASSIFIED
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F ig . 27. T o ta l E xcita tion  Functions for BB, (H e3 ,n )C 1 1 •
A b s o lu te  c r o s s  s e c t i o n s  c o u ld  n o t  b e  m easu red  s in c e  t h e  th i c k n e s s  
o f  t h e  t a r g e t  was n o t  know n.
E x c i t a t i o n  f u n c t i o n s  w ere  m easu red  a t  0 °  f o r  t h e  g ro u n d  s t a t e  
( F ig .  28) and  t h i r d  e x c i t e d  s t a t e  ( F ig .  2 9 ) .  The y i e l d  c u rv e s  w ere  
a l s o  m easu red  f o r  t h e s e  s t a t e s  a t  9 0 ° , g ro u n d  ( F ig .  3 0 ) ,  and  t h i r d
( F ig .  3D-
Angular d is tr ib u tio n s  were measured a t  a He energy o f  2 .66  Mev. 
They were made fo r  the ground (F ig . 32) and th ir d  ex c ited  s ta te  (F ig .  
33) .
F o r t h i s  r e a c t i o n  th e  s i g n a l  t o  n o i s e  r a t i o  was low  a t  t h e  b a c k  
a n g l e s .  B ecau se  o f  t h i s  h ig h  b a c k g ro u n d , c o n s id e r a b le  e r r o r  was p r o ­
d u ced  i n  th e  a n g u la r  d i s t r i b u t i o n  m easu rem en ts  a t  t h e s e  a n g l e s .
V. THE L i7 (He3 ,n )B 9 REACTION
F ig u re  9 shows a  t im e  sp e c tru m  f o r  t h i s  r e a c t i o n .  The n e u t ro n s  
f o r  th e  g ro u n d  s t a t e  a p p e a r  i n  c h a n n e l 239 * an d  h av e  an  e n e rg y  o f  a b o u t
1 1 .7 0  Mev. T hose i n  c h a n n e l 222 a r e  from  th e  f i r s t  and  se c o n d  e x c i t e d
9
s t a t e s  i n  B . I n  t h i s  p i c t u r e  th e y  a r e  u n r e s o lv e d  B in ce  t h e i r  f l i g h t  
t im e  d i f f e r e n c e  i s  o n ly  k  mp s e c .  B etw een t h e  g ro u n d  s t a t e  and  t h e  
f i r s t  e x c i t e d  s t a t e  t h e r e  i s  a  f l i g h t  t im e  d i f f e r e n c e  o f  1 0 . 2k mp s e c .  
C a l c u la t io n s  show t h a t  t h e  f i r s t  e x c i t e d  s t a t e  n e u t ro n s  i n  F ig .  9 h av e  
a n  e n e rg y  o f  9*35 Mev.
The b ro a d  co n tin u u m  p r e s e n t  i s  a  c o n se q u e n c e  o f  f o u r  body 
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Fig . 32. Angular D istribu tion  for Ground S tate  N eutrons from C '3 (H»3 ,n )O ls  a t E  
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Fig* 33. Angular D istribution for 3rd Excited S tate Neutrons from C 13{He3 ,n )0 , s  a t E  3 = 
2.66 Mev, Flight Path 3 m. He
7 2
He3 + Li7 -» B10 + 17 .75  "» B10 -> He  ̂ + He  ̂ + n + p + 9 .61  Mev. ( l 6 ) 
This continuum i s  p resen t a t a l l  en erg ies  below th a t o f the ground 
s ta te  group.
Figure 3^ shows an energy spectrum fo r  th is  rea ctio n  th a t has 
been corrected  fo r  counter e f f ic ie n c y .  Note th a t in  t h is  f ig u r e
i 6 p lo tte d  a g a in st E^. The peak a t  k , 5 Mev cu r io u sly  appears
9
where neutrons from the 7 Mev l e v e l  in  B should be lo c a te d . This 
group might be the broad 7 Mev l e v e l .
The analyzed data i s  fo r  the ground s ta te  on ly , s in ce  the f i r s t  
and second ex c ite d  s ta te s  could not be reso lv ed . I t  in clu d es an e x c i ­
ta t io n  fu n ction  a t 0° (F ig . 35) and an angular d is tr ib u tio n  a t 2 .075  
Mev (F ig . 36) .
Because o f the presence o f  the fou r body continuum, s p e c ia l  
background su b traction  techniques were used fo r  th is  r e a c tio n . These 
techniques w i l l  be d iscu ssed  in  the l a s t  s e c tio n  o f th is  chapter.
V I. MEASURED Q VALUES
In order to  determine the Q o f a nuclear rea ctio n  i t  i s  n eces­
sary to  measure the' energy o f  one o f the rea ctio n  products a t a known 
angle and machine energy. With th is  inform ation and the masses o f the  
r ea c tio n , the kinem atic equations can be so lved  fo r  the Q, v a lu e . In 
(He ,n )  reaction s sev era l groups o f  neutrons are u su a lly  seen , corre­
sponding to  energy le v e ls , in  the res id u a l n u cleu s. For th is  reason i t  
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Fig. 36. Angular D istribution  of Ground S tate N eutrons from LI^(H e^,n)B^ a t E  3 *=2.1 Mev.
b a c k  a n g le s  w h ere  t h e  n e u t r o n  g ro u p s  h a v e  maximum e n e rg y  s e p a r a t i o n .  
A f t e r  t h e  n e u t ro n  f l i g h t  t im e  h a s  b e e n  m e asu re d  t h e  e n e rg y  o f  t h e  
g ro u p  i s  g iv e n  b y ;
w here  L i s  t h e  f l i g h t  p a t h  i n  m e te r s  an d  t i s  t h e  f l i g h t  tim e  i n  mp.
T a b le  I  shows th e  m easu red  n e u t r o n  e n e r g i e s  and  Q v a lu e s  f o r  
t h e  r e a c t i o n s  s t u d i e d .  W ith  o u r  t im e  r e s o l u t i o n  c a p a b i l i t i e s  (4  mu 
s e c )  n e u t r o n  e n e r g i e s  b e lo w  15  Mev w e re  m e asu re d  w i th i n  yjo. T h is  gave 
a  som ew hat l e s s  a c c u r a te  m easu rem en t o f  Q s in c e  t h e  m id d le  te rm  i n  
e q u a t io n  ( l 8 ) i s  l a r g e  com pared  t o  t h e  c o s in e  t e n n  and  t h e  c o e f f i c i e n t  
o f  En  i n  th e  f i r s t  te rm  i s  n e a r l y  u n i t y  f o r  t h e s e  t h r e e  r e a c t i o n s .
T h e re  a r e  many f a c t o r s  w h ich  c a n  c a u se  c o n s id e r a b le  e r r o r  w i th  
m easu rem en ts  o f  t h i s  ty p e .  O n ly  t h e  m ore im p o r ta n t  s o u rc e s  w i l l  be  
d i s c u s s e d  i n  t h i s  s e c t i o n .  I n  th e  f i n a l  p a r a g r a p h  e s t im a te s  w i l l  b e  
made w i th  r e g a r d  t o  t h e  c o u p l in g  t o g e t h e r  o f  a l l  o f  t h e s e  e r r o r s  f o r  
t h i s  e x p e r im e n t .
(1 7 )
s e c .  S o lv in g  th e  k in e m a tic  e q u a t io n  
y i e l d s ;
( 18 )
V I. DISCUSSION OF ERRORS
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TABLE I  
MEASURED Q VALUES
S t a t e  M easu red  E n erg y  o f  N e u tro n s  M easured  Q R e p o r te d  Q
Be9 (He3 ,n )C 1 1 , ©L = 7 0 ° ,  E ^  = 2 .0 7 5  Mev
Kq 8 .7 8  7 -6 1  7 .5 7
Nx 6 .7 9  5*50 5 -5 8
N2 ^ -5 9  3 .1 7  3 .3 1
N3 Ĵ .13  2 .6 8  2 .8 2
2 .5 6  1 .0 3 7  1 .0 7
C1 3 (He3 , n ) 0 1 5 , ©L = 88° ,  ^ 3  = 2 . 6 2
Nq 8 .4 7  7 .1 4  7 .1 3
n 3 2 .7 5  . 91^ .9 8
L i7 (He3 ,n )B 9 , 9h  = 8 0 ° , E ^  = 2 .0 7 5
Nq 9 .9 0  9 .^ 7  9 .3 5
n l  7 .6 7  . 7 .0 1  6 .9 8
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C u r re n t  i n t e g r a t o r  c h e c k s  w ere  made e v e r y  2^  h o u r s .  M easurem en ts  
o f  t h e  c a l i b r a t e d  v a lu e  w ere  r e p r o d u c i b le  t o  w i th i n  1% f o r  t h i s  p e r io d  
o f  t im e .  A l l  m easu rem en ts  w ere  r e p r o d u c ib le  t o  w i th i n  2 $  f o r  a  t h r e e  
m onth p e r io d  o f  t im e .  I t  I s  t h e r e f o r e  assum ed t h a t  t h e  e r r o r  a s s o c i ­
a t e d  w i th  t h e  c u r r e n t  i n t e g r a t o r  was c o n t r o l l a b l e  t o  w i th i n  1$ .
A m p l i f ie r  d r i f t  was ch e c k e d  b y  u s in g  a n  ORNL m o d e l P .G . I .  
m e rc u ry  p u l s e r .  P u ls e s  w ere  f e d  i n t o  t h e  p r e a m p l i f i e r  o f  t h e  sy s te m  
b e in g  c h e c k e d . The p o s i t i o n  o f  th e  o u tp u t  p u l s e  from  t h e  a m p l i f i e r  
was th e n  d i s p la y e d  on  th e  m u l t ic h a n n e l  a n a l y z e r .  I n  t h i s  same m anner 
l i n e a r i t y  c h e c k s  w ere  a l s o  made on th e  a m p l i f i e r - a n a l y z e r  s y s te m . O ver­
a l l  g a in  ch e c k s  on  th e  p h o t o m u l t i p l i e r - a m p l i f i e r  sy s te m  w ere  made e v e ry  
2k  h o u r s .  T h ese  w ere  made b y  o b s e r v in g  th e  p u l s e  s p e c t r a  o f  n e u t r o n
9
g ro u p s  w i th  known e n e r g i e s .  F o r  t h i s  p u rp o s e  a  t h i c k  Be t a r g e t  was 
u se d  a t  a  f l i g h t  p a th  o f  3 m e te r s .  W ith  t h i s  a r ra n g e m e n t t h e  e n e rg y  
r e s o l u t i o n  was good enough  t h a t  g a t in g  from  t h e  tim e  sp e c tru m  c o u ld  
e a s i l y  b e  u s e d .  From th e s e  p u l s e  s p e c t r a ,  n e u t r o n  p u l s e  h e i g h t s  w ere  
p l o t t e d  a s  a  f u n c t i o n  o f  n e u t r o n  e n e rg y .  T h ese  p l o t s  w ere  r e p r o d u c ib le  
t o  w i th i n  5%.
F o r t h e  a b s o lu t e  d i f f e r e n t i a l  c r o s s  s e c t i o n  m e asu re m en ts  t a r g e t
9
th i c k n e s s  u n c e r t a i n t y  p ro d u c e d  c o n s id e r a b le  e r r o r .  Be t a r g e t  t h i c k ­
n e s s e s  w ere  a n a ly z e d  b y  c h e m ic a l  and  s p e c t r o s c o p i c  m e th o d s . T hese
m easu rem en ts  w ere  a lw ay s  i n  a g re e m e n t t o  w i th i n  10%. V a r i a t i o n s  i n  th e
9
th i c k n e s s  o f  th e  Be l a y e r  a s  a  f u n c t i o n  o f  t h e  r a d iu s  o f  t h e  t a r g e t  
w ere  a l s o  s tu d i e d  b y  s p e c t r o s c o p i c  a n a l y s i s .  T h ese  v a r i a t i o n s  w ere  
n e v e r  g r e a t e r  th a n  10%. F o r  t h e  l i t h i u m  t a r g e t s ,  t h i c k n e s s e s  w ere
79
d e te rm in e d  “by w e ig h in g  b e f o r e  and  a f t e r  e v a p o r a t io n .  T h is  m ethod was 
f a i r l y  a c c u r a te  s in c e  L iF  i s  v e r y  e a s y  t o  e v a p o r a te .  R e l a t i v e  y i e l d  
m easu rem en ts  f o r  L iF  t a r g e t s  o f  v a r io u s  t h i c k n e s s e s  i n d i c a t e  t h a t  t h i s  
m ethod i s  e a s i l y  good to  10$ .
y o 9
F o r  th e  r e a c t i o n  L i (He ,n )B  i t  was n e c e s s a r y  t o  s u b t r a c t  th e
9co n tin u u m  n e u t ro n s  from  th o s e  o f  t h e  g round  s t a t e  g ro u p  o f  B . T h is  
was done b y  e x t r a p o l a t i n g  th e  edge o f  t h e  co n tin u u m  ( F ig .  9 ) th ro u g h  
t h e  g ro u n d  s t a t e  r e g io n .  S in c e  t h e  c a l c u l a t e d  sh ap e  o f  th e  con tinuum  
i s  n o t  known a  s t r a i g h t  l i n e  e x t r a p o l a t i o n  was u s e d .  The a r e a  u n d e r  
t h e  c u rv e  was th e n  s u b t r a c t e d  from  th e  g ro u n d  s t a t e  g ro u p . T h is  m ethod 
seem ed t o  y i e l d  c o n s i s t e n t  r e s u l t s .
E f f i c i e n c y  c a l c u l a t i o n s  f o r  t h e  p l a s t i c  s c i n t i l l a t o r  a r e  p ro b a b ly  
good t o  w i th i n  1 0 $ . The e r r o r  i s  p ro d u c e d  m a in ly  b y  th e  f a c t  t h a t  t h e  
p u l s e  s p e c t r a  c u rv e  c o u ld  n o t  e a s i l y  b e  d e te rm in e d  b e low  t h e  b i a s  l e v e l .  
F o r  th e  low  e n e rg y  n e u t r o n  g ro u p s  50$ o r  m ore o f  t h e  r e c o i l  p r o to n  
p u ls e s  f e l l  be lo w  t h e  b i a s  v a lu e  and  t h e r e f o r e  w ere  n o t  c o u n te d .  The 
10$  e r r o r  m e n tio n e d  above i s  t h e  u n c e r t a i n t y  i n  d e te rm in in g  th e  num ber 
o f  p u l s e s  t h a t  w e re  n o t  c o u n te d .  Of c o u rs e  th e  o v e r a l l  e f f i c i e n c y  i s  
much b e t t e r  th a n  1 0 $ f o r  t h e  h ig h e r  e n e rg y  n e u t r o n  g ro u p s .
U pper l i m i t s  on  a i l  o f  t h e  e r r o r s  f o r  t h e s e  r e a c t i o n s  seem to  
i n d i c a t e  t h a t  t h e  r e l a t i v e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  a r e  good to  




I n  t h e  f i r s t  s e c t i o n  o f  t h i s  c h a p te r  a  p la n e  wave a n a l y s i s  o f  
(He , n )  r e a c t i o n s  i s  t r e a t e d .  T h is  s e c t i o n  i s  fo l lo w e d  b y  a  d i s t o r t e d  
wave c a l c u l a t i o n  o f  t h e  r e a c t i o n s .  I n  t h e s e  c a l c u l a t i o n s  t h e  d i s t o r t i o n  
i s  p ro d u c e d  b y  i n t e r a c t i o n  w i th  b o th  t h e  Coulomb f i e l d  a n d  t h e  n u c l e a r  
" o p t i c a l "  p o t e n t i a l .  I n  t h e  f i n a l  s e c t i o n  t h e  t h e o r e t i c a l  f i t s  t o  t h e  
e x p e r im e n ta l  d a ta  w i l l  b e  d i s c u s s e d  a n d  t h e  s p in  an d  p a r i t y  a s s i g n ­
m en ts  made fro m  t h e s e  f i t s  w i l l  b e  g iv e n .
I .  PLANE WAVE CALCULATIONS
B u t l e r  t h e o r y  h a s  b e e n  q u i t e  s u c c e s s f u l  i n  e x p l a in in g  d i f f e r e n t i a l  
c r o s s  s e c t i o n s  a n d  t h e i r  a n g u la r  d ep en d en ce  i n  te rm s  o f  " s t r i p p i n g "  
c a l c u l a t i o n s  f o r  d e u te ro n  in d u c e d  r e a c t i o n s  (Ge 5 3 j Hu 5 2 , F r  53>
Da 5 3 )-  The  th e o r y  h a s  b e e n  a p p l i e d  i n  m ost c a s e s  t o  ( d ,n )  an d  ( d ,p )  
r e a c t i o n s  i n  t h e  i n t e r m e d i a t e  a n d  h ig h  e n e rg y  r a n g e .  More r e c e n t l y  
t h e  i n v e r s e  s t r i p p i n g  p r o c e s s  o r  " p ic k u p "  t h e o r y  h a s  b e e n  s u c c e s s f u l  
w i th  ( p , d ) ,  ( n ,d )  a n d  ( d , t )  r e a c t i o n s  (Ne 5 2 , Fu 5 2 ) . I n  t h e  l a s t  
exam ple a  m ass t h r e e  p a r t i c l e  i s  in v o lv e d  i n  t h i s  i n v e r s e  " s t r i p p i n g "  
p r o c e s s .  T h is  in t r o d u c e s  t h e  p o s s i b i l i t y  t h a t  t r i t o n  a n d  He fo re w a rd  
" s t r i p p i n g "  r e a c t i o n s  m ig h t t a k e  p l a c e .
Some (H e ^ ,d )  r e a c t i o n s  h a v e  b e e n  f i t t e d  w i th  B u t l e r  ty p e  c u rv e s  
(Fo  5 9 ) h o w ev e r, m ore r e c e n t l y  t h e  tw o -n u c le o n  t r a n s f e r  r e a c t i o n s  have
becom e o f  i n t e r e s t .  T h is  i s  due i n  p a r t  a t  l e a s t  t o  t h e  r e c e n t  
" d o u b le  s t r i p p i n g "  t h e o r y  p ro p o s e d  by Newns (Ne 6 0 ) .  S e v e r a l  w o rk e rs  
h a v e  b e e n  s u c c e s s f u l  i n  c a l c u l a t i n g  a n g u la r  d i s t r i b u t i o n s  w i th  t h i s  
t h e o r y  f o r  ( t , p )  r e a c t i o n s  ( J a  6 0 , J a  6 0 a , H i 59)* A lso  f o r  He i n ­
d u ced  r e a c t i o n s  t h e  t h e o r y  h a s  s h a r e d  e q u a l  s u c c e s s .  P ro to n  g ro u p s
- j /T  ^  "I O
from  0 (He ,p ) F  h av e  b e e n  f i t t e d  from  5 t o  9 Mev b y  H inds (H i 5 9 a ) .
In  a d d i t i o n  t h e  t h e o r y  h a s  p ro d u c e d  good f i t s  f o r  C ^ X H e ^ n ^ O 1^ n e u t ro n s  
ab o v e  4 Mev (Ga 6 0 , To 6 0 ) .  However i t  s h o u ld  be m e n tio n e d  h e r e  t h a t  
a t  t h e s e  h ig h e r  e n e r g ie s  t h e  a n g u la r  d i s t r i b u t i o n s  f o r  t h i s  r e a c t i o n  
show d e f i n i t e  s t r i p p i n g  p e a k s  ( F ig .  t 9 ) .  A B u t l e r  p la n e  wave a n a l y s i s  
ca n  e a s i l y  be u s e d  t o  f i t  t h e  e x p e r im e n ta l  d a ta  (we h av e  made b o th  
p la n e  an d  d i s t o r t e d  wave c a l c u l a t i o n s  f o r  t h i s  r e a c t i o n ,  th e y  w i l l  be 
d i s c u s s e d  i n  t h e  l a s t  s e c t i o n  o f  t h i s  c h a p t e r )  w i th  a n  Z -  0 t r a n s f e r .
A t lo w e r  e n e r g ie s  a l l  o f  t h e  (He ,n )  an d  (He ,p )  r e a c t i o n s  r e p o r t e d  
t h u s  f a r  seem t o  be  m ore c o m p lic a te d  i n  s t r u c t u r e .  I t  w ou ld  in d e e d  be 
s u r p r i s i n g  i f  t h e  s im p le  fo rm  o f  t h e  "d o u b le  s t r i p p i n g "  t h e o r y  c o u ld  be 
u s e d  t o  f i t  t h i s  low  e n e rg y  d a t a .  T h a t i s ,  i n  t h e  c a l c u l a t i o n s  r e p o r t e d  
f o r  t h e  C '*"^(H e^ ,n )0^  r e a c t i o n s  (Ga 6 0 , To 6 0 )  no a t te m p t  was made t o  
u s e  t h e  fo rm  f a c t o r  p ro p o s e d  by Newns (Ne 6 0 ) .  The j u s t i f i c a t i o n  b e in g  
t h a t  t h e  n e g l e c t  o f  Coulomb a n d  n u c l e a r  d i s t o r t i o n  w o u ld  o u tw e ig h  t h e  
im p o r ta n c e  o f  t h i s  f a c t o r .  I n  o r d e r  t o  lo o k  a t  t h e  p r e d i c t i o n s  o f  
t h i s  m odel, i t s  f o r m u la t io n  f o r  (He ,n )  r e a c t i o n s  w i l l  be g iv e n .
The "d o u b le  s t r i p p i n g "  d i f f e r e n t i a l  c r o s s  s e c t i o n  h a s  t h e  fo rm  
( f o r  t h e  r e a c t i o n  A (H e ^ ,n )B );
8 2
da
di2 (1 9 )
In  e q u a t io n  ( 1 9 ) -8 h a s  i t s  u s u a l  m ean ing  o f  t o t a l  a n g u la r  momentum
i s  t h e  momentum t r a n s f e r  v e c t o r  ( s e e  f i g u r e ) ,  a n d  th e  A ^ 's  d ep en d  on 
t h e  i n i t i a l  a n d  f i n a l  c o n f i g u r a t i o n  o f  t h e  s t a t e s  I n v o lv e d  i n  t h e  
r e a c t i o n .
w here  & a n d  s a r e  t h e  o r b i t a l  a n g u la r  momentum an d  s p in  o f  t h e  c a p tu r e d
r e a c t i o n  t h e  p a r t i c l e  b e in g  c a p tu r e d  i s  a  d i - p r o t o n .  The P a u l i  p r i n ­
c i p l e  dem ands i t s  c a p tu r e  w i th  i t s  s p in s  a n t i - p a r a l l e l .  The same i s  
t r u e  f o r  t h e  ( T ,p )  r e a c t i o n  w here  a  d i - n e u t r o n  i s  b e in g  c a p tu r e d .  S in c e  
t h e r e  i s  no  s p i n - o r b i t  i n t e r a c t i o n  i n  t h e  c a l c u l a t i o n s  t h e  s p in  o f  t h e  
o b s e rv e d  p a r t i c l e  i s  n o t  a l lo w e d  t o  f l i p .  T hus t h e  s e l e c t i o n  r u l e s  
a l lo w  u n iq u e  s p in  a s s ig n m e n ts  i f  e i t h e r  A o r  B h a s  s p in  z e r o .  Even i f
t h i s  i s  n o t  t h e  c a s e  t h e  ra n g e  o f  s p in  a s s ig n m e n ts  i s  g r e a t l y  re d u c e d  
—)
by s b e in g  z e r o .  I t  w o u ld  seem  t h a t  t h i s  m odel i s  q u i t e  a  v a lu a b le
t r a n s f e r  f o r  t h e  r e a c t i o n ,  r  i s  t h e  r a d i u s  o f  t h e  i n t e r a c t i o n ,  Q,3 o
The s p in  s e l e c t i o n  r u l e s  a r e  g iv e n  b y ;
J B “  J A + £ + S ( 20)
O —>
p a r t i c l e .  F o r (He ,n )  a n d  (T ,p )  r e a c t i o n s  s  i s  o n ly  a l lo w e d  t h e  v a lu e  
z e r o .  I t  s h o u ld  b e  p o in t e d  o u t  h e r e  t h a t  i n  t h e  c a s e  o f  t h e  (He ,n )
8 3
s p e c t r o s c o p ic  t o o l  a t  t h e s e  h ig h e r  e n e r g i e s .  However i t  was p o in t e d  
o u t by G ale  (Ga 6 0 ) t h a t  f o r  t h e  & = 0 t r a n s f e r  t h e  sh ap e  o f  t h e  
a n g u la r  d i s t r i b u t i o n  f o r  " d o u b le  s t r i p p i n g "  i s  i n d i s t i n g u i s h a b l e  from  
t h a t  o f  a  "knock o n "  p r o c e s s ,  T h is  i s  t r u e  s in c e  i n  b o th  c a s e s  a  
z e r o *̂1 o r d e r  B e s s e l  f u n c t i o n  i s  b e in g  s q u a re d  t o  p ro d a c e  t h e  a n g u la r  
d i s t r i b u t i o n .  T h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  a b s o lu t e  m a g n itu d e  o f  
t h e  c r o s s  s e c t i o n s  s h o u ld  s o lv e  t h e  p ro b le m  when m ore i s  known a b o u t 
t h e  c o n f ig u r a t io n s  b e in g  s tu d i e d .
The t h e o r e t i c a l  a p p ro a c h  made i n  t h i s  t h e s i s  i s ,  i n  g e n e r a l ,  t o  
lo o k  i n  d e t a i l  a t  t h e  r e s u l t  o f  d i s t o r t i o n  e f f e c t s  f o r  t h e  t h r e e  (He ,n )  
r e a c t i o n s  s tu d i e d .  T h ese  e f f e c t s  a r e  p e rh a p s  b e s t  i l l u s t r a t e d  when 
th e y  a r e  com pared  t o  p la n e  wave c a l c u l a t i o n s  f o r  t h e  same r e a c t i o n .
T hese  p la n e  wave c a l c u l a t i o n s  w ere  made i n  tw o f a s h io n s .  A d i s c u s s io n  
o f  t h e  f i r s t  m ethod  o f  m ak ing  t h e s e  c a l c u l a t i o n s  w i l l  f o l lo w .  In  t h e  
se c o n d  f o r m u la t io n  t h e  IBM code  was u s e d  t o  c a l c u l a t e  t h e  t r a n s i t i o n  
a m p li tu d e s  w i th o u t  t h e  Coulomb a n d  n u c l e a r  d i s t o r t i o n .  T h is  r e d u c e s  
t o  s o lv in g  f o r  t h e  a p p r o p r i a t e  B e s s e l  f u n c t i o n s ,  o r  m aking  a  p la n e  
wave c a l c u l a t i o n .
F o r t h e s e  p la n e  wave c a l c u l a t i o n s  s e v e r a l  s im p l i f y in g  assum p­
t i o n s  w i l l  b e  m ade. F i r s t  o f  a l l  i t  i s  assum ed  t h a t  t h e r e  i s  no
d i s t o r t i o n  p r e s e n t ,  t h a t  i s  t h e  wave f u n c t i o n  o f  t h e  r e l a t i v e  m o tio n
—> —» 
i k  • yc a n  be r e p r e s e n t e d  a s  e . S e c o n d ly  b o th  t h e  s t r u c t u r e  a n d  f i n i t e
3
s i z e  o f  t h e  i n c i d e n t  He p a r t i c l e s  w i l l  be ig n o r e d .  F u r th e rm o re  i t  i s  
assu m ed  t h a t  t h e  c a p tu r e  o f  t h e  d i - p r o t o n  i s  a  o n e - s ta g e  p r o c e s s  w i th
81+
3
t h e  b o rn  a p p ro x im a tio n  b e in g  v a l i d .  The i n t e r a c t i o n  b e tw ee n  t h e  He 
a n d  t h e  n e u t r o n  i s  assu m ed  t o  h a v e  t h e  fo rm ;
V = V 6 ( r  -  r  ) . (2 1 )
He ,n  3
I n i t i a l  a n d  f i n a l  wave f u n c t i o n s  c a n  b e  w r i t t e n  i n  t h e  p ro d u c t  fo rm ;
i k 3 ' r 3
* = e i  „i  I  ^  9f T  Be
ik  *r n  n
f  = e _ 0 ( 2 2 )
y v c
w here
hl V 1/2 I 3/2










I n  e q u a t io n s  ( 2 3 ) t h e  r e l a t i v e  o r b i t a l  a n g u la r  momenta a r e  d e s ig n a t e d  
by t h e  £*s  a n d  t h e i r  c o r r e s p o n d in g  p r o j e c t i o n  on t h e  Z a x i s  by t h e  mf s .  
The A’ s a r e  t h e  a p p r o p r i a t e  f r a c t i o n a l  p a r e n ta g e  a m p l i tu d e s .  I n i t i a l l y
t h e  Y . a n d  Y . ^ a r e  s p h e r i c a l  h a rm o n ic s  o f  t h e  tw o  s e p a r a t e  c o -
1 . 3
o r d i n a t e s  h u t  a f t e r  t h e  i n t e g r a t i o n  o v e r  V .. t h e  c o - o r d in a t e
He ,n
sy s te m s  o f  t h e  tw o v e c t o r s  a r e  t h e  sam e. The m a tr ix  e le m e n ts  f o r  t h e  
f i n a l  t r a n s i t i o n  a m p li tu d e s  a r e  th e n  g iv e n  b y ;
M „ e « - r  R i ( r )  E* ( r )  <21*>
v i y  3
iQ * rw here  Q h a s  b e e n  made t h e  a x i s  o f  q u a n t i z a t i o n  a n d  e c a n  be 
ex p an d ed  i n  te rm s  o f  J T(Q r ) .  Q i s  t h e  momentum t r a n s f e r  f o r  t h e  i n t e r -  
a c t i o n .  I t  i s  g iv e n  b y ;
Q = K -  . ( 2 5 )
I n  e q u a t io n  ( 2 t )  R ( r )  a n d  R,, ( r )  a r e  r a d i a l  wave f u n c t io n s  ( s p h e r i c a l
3 3H an k el f u n c t i o n s  a r e  u s e d )  d e s c r ib i n g  t h e  n e u t r o n  a n d  t h e  He a s
2
ft 2p a r t i c l e s  m oving f r e e l y  w i th  e n e rg y  E = ( i k )  .dm
Now a f t e r  t h e  a n g u la r  i n t e g r a l s  a r e  made f o r  (2U) a n d  t h e  above  
s u b s t i t u t i o n s  made f o r  t h e  r e s p e c t i v e  R ( r ) ' s ,  t h e  r a d i a l  i n t e g r a l  
<  I  >  becom es;
oo





. / * A
ft a n d  p 3 = K
Now t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  t h e  r e a c t i o n  w i l l  b e  g iv e n  b y ;
1 )
r U?L "c J
“
X < I >0 0 0 (2 7 )
The a p p r o p r i a t e  C le b sc h -G o rd a n  c o e f f i c i e n t s  w i l l  be d is c u s s e d , 
l a t e r .  I t  i s  o b v io u s  a t  t h i s  p o i n t  t h a t  t h e  sh a p e  o f  t h e  a n g u la r  
d i s t r i b u t i o n  i s  d e te rm in e d  b y  <  I  > . A s o l u t i o n  t o  e q u a t io n  (2 7 )  w i l l  
be  g iv e n  f o r  o n ly  an  & = 2 t r a n s f e r .  The p r o c e d u re s  fo l lo w e d  f o r  i t s  
s o l u t i o n  w i th  o th e r  a n g u la r  momenta t r a n s f e r s  c o n t a in s  t h e  same fo rm u ­
l a t i o n .
W ith  a n  & = 2 t r a n s f e r  e q u a t io n  (2 6 )  becom es;
0 0
< I  >  = / 3_V — ) s i n  pPy
3.r
9




P i  P '
q  . j r _  
L̂ 3 P p2p2 -
e " a p P2 '
■ Q3 •
dp ( 28)
w here  p = Q r. p = QR a n d  a  = 
o o
Now i t  c a n  b e  s e e n  t h a t  <  I  > i s  o f  t h e  fo rm
8 7
oo
<  I  >  =
V 1 -a p  s i n  p





a  e 
M
-a p  c o s  p 
M dp (2 9 )
T h e re fo re  i t  i s  c o n v e n ie n t  t o  d e f in e  t h e  f o l lo w in g  i n t e g r a l s ;
ao
I w





-ap co s  p dp 
N (3 0 )
W ith  t h e s e  d e f i n i t i o n s  < I  >  t a k e s  t h e  f o l lo w in g  fo rm ;
<  I  > = -
LW
3 " V . r 2 rPi  P3 PxP3
I, +  I_  -
P i  P3
-2  2  /  2  2  2  "3 J"2
3 3 a t o 3Q t o
B 2 + □ o 2 y  3 " 0 2 2 ^
P i  P 3  P1 P 3  P>2_ P 3
( 3 1 )
8 8
o °Now t h e  1^ a n d  1^ i n t e g r a l s  c a n  b e  e x p r e s s e d  i n  te rm s  o f  1^ a n d  1^
w h e re ;
I 1
co




r  “a Pj  o J e c o s  p dp ^ 2 )
po
T h is  i s  done b y  e x p a n d in g  I jj a n d  1^ b y  t h e  f o l lo w in g  r e c u r s i o n  fo rm u la s ;
e ”a p °  s i n  pQ 1  p °  e  ap  c o s  p dp a  p °  e ^  s i n  p dp
N (N -  1 ) poN-1 N -  1  J  pN_1 N -  1  J  p” "1
(3 3 )
a n d
- a p 0 oo -a p  , ao -a p  ^ ,Q e °  c o s  pQ ^  p e s i n  p dp a  p e c o s  p dp
^  (N -  1 )  p N"1 N -  1 ^  PW_1 N -  1 ^  p1̂ "1
°  Po Po ( 3*0
W ith  t h e s e  e x p a n s io n s  in t r o d u c e d  i n t o  (3 1 )  i t  t a k e s  t h e  fo l lo w in g  
s i m p l i f i e d  fo rm ;
oo oo
/ —ap . p. —ape p _ p _  + a_oJ e 22LJ1 + C (35)
po po
Of c o u r s e  t h e  e x p a n s io n  o f  (3 1 )  i n  te rm s  I  a n d  I  °  w o u ld  c o n t a in
k6  t e r n s  b u t  t h e  c o m b in a tio n  o f  t h e  c o e f f i c i e n t s  w i l l  g iv e  a  much 
re d u c e d  fo rm . A ch ec k  on  t h e  e x p a n s io n  i s  p r o v id e d  by  t h e  a ^ °  te rm . 
The c o e f f i c i e n t s  t h a t  sum t o  g iv e  a ^ °  m ust b e  z e ro  s in c e  I ^ °  i s  n o t  





^(3-, & t \ 2 8^3P32
(36)
1 ^ 3  Kl  "3 ~K1 ^3
The c o n s ta n t  te rm  C w i l l  c o n ta in  71  te rm s  w h ich  a r e  a l l  o f  t h e  fo rm  
m* m" n*
b ^ l  ^3 Q I t  i s  r a t h e r  o b v io u s  a t  t h i s  p o i n t  why co m p u te r 
te c h n iq u e s  w ere  u s e d  t o  s o lv e  f o r  t h e  <  I  > ' s .
Now t h e r e  i s  no  way t o  a n a l y t i c a l l y  c a l c u l a t e  1^ a n d  t h e r e f o r e  
i n  o r d e r  t o  a p p ro x im a te  i t s  v a lu e  n u m e r ic a l  i n t e g r a t i o n  w as p e rfo rm e d  
b y  u s in g  S im p s o n 's  m e thod . The e x p r e s s io n  f o r  <  I  >  w as t h e n  s u b s t i ­
t u t e d  i n t o  t h e  s i m p l i f i e d  fo rm  o f  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  
e q u a t io n  g iv in g :
do
<3X1
k r jM ,L  1
f.
“ ST ( 2 i 3 + 1} c 1 3 ooo X <  I  > (37)
I n  (3 7 )  t h e  a p p r o p r i a t e  C le b sc h -G o rd a n  c o e f f i c i e n t s  a r e  c a l c u l a t e d  from  
t h e  f o l lo w in g  fo rm u la  (Co 5 3 ) ;
;V 3 L
'ooo
(L  + 1 -  O  (L  -  1 + O  (1  + i_  -  L) (L  ) (2L  + 1 )
(L  + 2 + i ^ )  ( ^  ) )
9 0
(L  -  1 + i  -  k )  I (L  -  k )  I k (k  + 1 -  j e , ) l  
3 * * J  *
(38)
Summing ( 3 8 ) f o r  t h e  a l lo w e d  v a lu e s  o f  a n d  k we o b t a i n  f o r  (3 7 )  j
(39)
The r e l a t i v e  f i t s  o f  t h e s e  p la n e -w a v e  c a l c u l a t i o n s  f o r  t h e  d a t a  w i l l  
b e  d i s c u s s e d  a t  t h e  end  o f  t h i s  c h a p te r  a lo n g  w i th  t h e  d i s t o r t e d  wave 
c a l c u l a t i o n s . I n  g e n e r a l  i t  m ig h t be s a i d  t h a t  a t  b e s t  t h e  p la n e  wave 
c a l c u l a t i o n s  o n ly  re p ro d u c e  t h e  d a ta  w h ere  i t  p e a k s  s h a r p ly  a t  s m a ll  
a n g l e s .  The i n t r o d u c t i o n  o f  Coulomb d i s t o r t i o n  d i s p l a c e s  t h e  a n g u la r  
d i s t r i b u t i o n s  to w a rd s  t h e  l a r g e r  a n g le s  (To 55 ) w h i le  t h e  n u c l e a r  
e f f e c t s  in t r o d u c e d  by  t h e  o p t i c a l  p o t e n t i a l  t e n d  t o  move t h e  p e a k s  
b a c k  t o  t h e  s m a l le r  a n g l e s .  The n e t  e f f e c t  i s  t o  g iv e  a  much b e t t e r  
f i t  f o r  t h e  (He ,n )  r e a c t i o n s  s tu d i e d  f o r  t h i s  r e p o r t .
I n  o r d e r  t o  make t h e  d i s t o r t e d  w ave c a l c u l a t i o n s  t h e  IBM 7 09O 
co d e  o f  S a t c h l e r  e t  a d .  (S a  6 l ,  Dr 6 l ,  Dr 6 l a ,  Ha 6 l )  w as u s e d .  I n  
t h e s e  c a l c u l a t i o n s  i t  i s  assu m ed  t h a t  t h e  e l a s t i c  s c a t t e r i n g  o f  t h e
c a n  b e  t r e a t e d  a s  a  p e r t u r b a t i o n  o f  t h i s  p r o c e s s .  F o r t h e  s o l u t i o n  t o  
t h e  S c h ro d in g e r  e q u a t io n  i t  i s  assum ed  t h a t  t h e  f u n c t i o n a l  d ep en d en ce
o f  t h e s e  w aves i s  r e l a t e d  o n ly  t o  t h e  v e c t o r  r  w h ich  i s  t h e  s e p a r a t i o n
I I .  DISTORTED WAVE CALCULATIONS
*3 *3
He w aves i s  t h e  m ost im p o r ta n t  p r o c e s s  a n d  t h a t  t h e  (He , n )  r e a c t i o n
91
o f  t h e  c o l l i d i n g  p a i r .  I f  t h e s e  d i s t o r t e d  w aves a r e  d e n o te d  by  
0 ( k , r )  t h e y  s a t i s f y  t h e  S c h ro d in g e r  e q u a t io n ;
A2 + t 2 .  %  u ( r )  -  i a  
ft r
0 ( k , r )  = 0  (4 0 )
2
w h ich  w o u ld  be  g e n e r a te d  b y  a  u n ifo rm  c h a rg e  o f  r a d iu s  r cA '  . N ote
Zl Z2 ew here  q i s  t h e  r e d u c e d  m a ss , a n d  t] i s  t h e  Coulomb p a ra m e te r  -----------  .
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I n  e q u a t io n  (4 0 ) U ( r )  i s  t h e  o p t i c a l - m o d e l  p o t e n t i a l .  F o r  c a l c u l a t i o n s  
w i th  t h i s  code t h e  r e a l  p a r t  o f  t h e  o p t i c a l  p o t e n t i a l  I s  a  W oods-Saxon 
t w e l l t g iv e n  by ;
“ M r e e a  = ‘  ™e + 1
w here  x  =  ----- — ,  R = r  ( a )"^3 an d  a  i s  t h e  d i f f u s e n e s s  o f  t h e  ' v e i l . 'a  o
I t  s h o u ld  a l s o  b e  m e n tio n e d  h e r e  t h a t  t h e  Coulomb p o t e n t i a l  i s  t h a t
1 / 3
a l s o  t h a t  t h e r e  a r e  i n  g e n e r a l  tw o  d i f f e r e n t  s e t s  o f  p a r a m e te r s  f o r  
U ( r ) .  One s e t  f o r  t h e  i n c i d e n t  c h a n n e l o r  t h e  He3 a n d  a  s e t  f o r  t h e  
e x i t  c h a n n e l o r  t h e  n e u t r o n s .
F o r  t h e  im a g in a ry  p a r t  o f  t h e  U (r )  t h e r e  i s  a  c h o ic e  o f  a  Woods-
Saxon  o r  s u r f a c e  G a u s s ia n . The Saxon  h a s  t h e  same fo rm  a s  ( 4 l )  e x c e p t
t h a t  V i s  r e p l a c e d  b y  W. S u r f a c e - G a u s s ia n  im a g in a ry  p o t e n t i a l s  a r e  
g e n e r a te d  by ;
U ( r ) i  = -  Ve~KX ) (4 2 )
Y _ X/S
w here  x '  = ----- ;—  a n d  Rf = r  'A  '  . I t  m ig h t be m e n tio n e d  h e r e  t h a ta '  o
b o th  S ax o n  a n d  s u r f a c e  G a u s s ia n s  w ere  t r i e d  f o r  c o m b in a tio n s  o f  b o th
c h a im e ls .  R e s u l t s  i n d i c a t e d  t h a t  no  a p p r e c ia b le  d i f f e r e n c e  w as s e e n  
f o r  t h e  f i t s  w i th  a  l i m i t e d  num ber o f  c h o ic e s  f o r  t h e  p a r a m e te r s  i n  
( 4 2 ) .  I t  was t h e r e f o r e  d e c id e d  t o  u s e  Saxon  im a g in a ry  p o t e n t i a l s  
s in c e  t h i s  c h o ic e  r e d u c e s  t h e  num ber o f  p a r a m e te r s .
F o r  l a r g e  v a lu e s  o f  r  t h e  s o l u t i o n  o f  (4 0 )  i s ;
The t r a n s i t i o n  a m p li tu d e s  w h ich  a r e  u s e d  t o  c a l c u l a t e  t h e  d i f f e r e n t i a l  
c r o s s  s e c t i o n s  a r e  g e n e r a te d  from  t h e  s o l u t i o n s  o f  (4 0 )  ( f o r  t h e  
r e a c t i o n  A (a ,b )B )  b y ;
F o r  (4 4 )  t h e  < b ,B |v |a ,A  > 's  a r e  t h e  m a tr ix  e le m e n ts  o f  t h e  i n t e r a c t i o n  
b e tw ee n  t h e  i n i t i a l  a n d  f i n a l  n u c l e a r  i n t e r n a l  s t a t e s .  I n  t h e s e  c a l c u ­
l a t i o n s  i t  i s  u s e d  a s  a  fo rm  f a c t o r .  T hey a x e  c a l c u l a t e d  from  t h e  
bound  s t a t e  wave f u n c t io n s  b y ;
The e f f e c t i v e  " z e ro  ra n g e "  a p p ro x im a tio n  c o n s id e r a b ly  s i m p l i f i e s  b o th  
(4 4  a n d  4 5 ) .  T h a t i s  t h e  v e c t o r s  r ^  a n d  r  a r e  r e n d e r e d  p a r a l l e l  by
(43)
(*5)
p u t t i n g Now t h e  c o - o r d in a t e  sy s te m s  f o r  b o th  t h e
in c o m in g  a n d  o u tg o in g  p a r t i c l e s  a r e  t h e  sam e.
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The e f f e c t i v e  i n t e r a c t i o n  <  V >  i s  ex p an d e d  i n  te rm s  o f  t h e
t r a n s f e r  o f  t o t a l  a n g u la r  momentum J  w h ich  i s  com posed o f  a n  o r b i t a l
—) —> — —> —> —> 
p a r t  8, a n d  a  s p in  p a r t  s .  W here i  + s  = J „  -  J .  a n d  t h e  c o r r e s p o n d in g
.D A
Z com ponen ts a r e  d e f in e d  a s  u s u a l  i n  t h e  C le b sc h -G o rd a n  c o e f f i c i e n t s .  
M a tr ix  e le m e n ts  f o r  a  d e f i n i t e  t r a n s f e r  o f  a n g u la r  momentum a r e  th e n  
g iv e n  by ;
/ W T T  ^  =
M
8 ( r bB -  fL  r aA ) ^ ( i ) a A  ^ a ^ a A 5 ^ a A  ^ b B  ' ( ll6 )
N ote t h a t  i n  ( ^ 6 ) t h e  e f f e c t i v e  i n t e r a c t i o n  h a s  b e e n  r e p l a c e d  by 
Fgs .̂ 6 ( r ) .  T h is  i s  t h e  so  c a l l e d  "fo rm  f a c t o r "  f o r  t h e s e  c a l c u l a t i o n s .
F o r " s t r i p p i n g "  c a l c u l a t i o n s  = u _ĝ r ) wh e r e  t h e  u ^ ( r ) * s  a r e
t h e  h a rm o n ic  o s c i l l a t o r  r a d i a l  wave f u n c t i o n s  o f  p r i n c i p a l  quantum  
num ber N a n d  o r b i t a l  a n g u la r  momentum 8 ,  T h ese  a r e  m a tc h e d  t o  t h e  
H ankel f u n c t i o n  a t  t h e  b o u n d a ry  ( R ^ )  s o  t h a t :
p r 2
UN i( r )  *  r& e " F (  Z N ; * + 3/ 2 ;  2 )  f o r  r  < ^
an d
u K<e( r ) «  r -1  W ( -  n ; £ + l / 2 ; 2 k r )  f o r  r  > (V ?)
w here  F i s  a  c o f l u e n t  h y p e rg e o m e tr ic  f u n c t i o n  a n d  W i s  t h e  r e a l  
W h i t ta k e r  f u n c t i o n .  _
Once t h e  T 's  i n  (4*0 h av e  b e e n  c a l c u l a t e d  t h e  d i f f e r e n t i a l  
c r o s s  s e c t i o n  i s  g iv e n  b y ;
2
a o  = v s  \  v  iT |___________
“  ( 2 i i i2 )2 ka  ^  ( 2 s a  + 1 ) ( 2J a  + 1 )
w here  t h e  sura n i s  o v e r  a l l  o f  t h e  Z p r o j e c t i o n s  o f  s p in .
I t  i s  i n t e r e s t i n g  a t  t h i s  p o in t  t o  re v ie w  t h e  num ber o f  p a r a m e te r s
t h a t  a r e  in v o lv e d  i n  t h e  c a l c u l a t i o n  o f  ( 4 8 ) .  They a r e ;  V & v
He He
( r Q) y  V y  a ^ ,  a n d  ( r Q)n  f o r  t h e  r e a l  p a r t  o f  t h e  " o p t i c a l  p o t e n t i a l "
i n  ( 4 2 ) ,  f o r  t h e  He3 a n d  n e u t r o n  c h a n n e ls .  F o r t h e  im a g in a ry  p o t e n t i a l
w i th  a  W oods-Saxon c h o ic e  we h a v e  o n ly .  W a n d  W . I n  a d d i t i o n  t o
He3 n  _
t h e s e  t h e r e  i s  s t i l l  ( r  ) ^ t h e  Coulomb r a d iu s  a n d  Z t h e  a n g u la r
C He-3
momentum o f  t h e  c a p tu r e d  d i - p r o t o n .
I n  a l l  a b o u t 200 in d e p e n d e n t ru n s  w ere  made t o  t r y  t o  f i t  t h e  
d a ta  f o r  t h e  t h r e e  r e a c t i o n s  s t u d i e d .  T h is  i s  n o t  r e a l l y  t o o  s u r p r i s i n g  
when i t  i s  c o n s id e r e d  t h a t  t h e r e  w ere  s e v e n  l e v e l s  t o  b e  f i t t e d .  T h e re  
was some s i m i l a r i t y  b e tw een  t h e  p a r a m e te r  s e n s i t i v i t y  o f  (4 8 )  f o r  t h e  
tw o  r e a c t i o n s  B e ^ H e ^ n J C ^ 1 a n d  Id J (H e ^ ,n )B ^ . T h is  i s  a l s o  n o t  
s u r p r i s i n g  s in c e  t h e  Q v a lu e s  a n d  m asses  a r e  v e ry  s i m i l a r .  I n  a d d i t i o n  
t h e  g ro u n d  s t a t e  s p in s  a n d  p a r i t i e s  o f  Be^ a n d  a r e  b o th  3 /2  .
I n  t h e  n e x t  s e c t i o n  t h e  r e l a t i v e  f i t s  f o r  t h e  e x p e r im e n ta l  d a t a  
w i l l  b e  d i s c u s s e d  a n d  t h e  s p in  a n d  p a r i t y  a s s ig n m e n ts  w i l l  b e  g iv e n .
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I I I .  DISCUSSION OF THEORETICAL CALCULATIONS AND RESULTS
The s p in  a s s ig n m e n ts  made i n  t h i s  s e c t i o n  (T a b le  I I ) a r e  b a s e d
3
on t h e  a s s u m p tio n  t h a t  t h e  d i - p r o t o n  i s  s t r i p p e d  fro m  t h e  He w i th  z e ro  
s p in  a n g u la r  momentum. The j u s t i f i c a t i o n  f o r  t h i s  a s s u m p tio n  comes 
fro m  t h e  f a c t  t h a t  t h e  P a u l i  p r i n c i p l e  c a l l s  f o r  t h e  c a p tu r e  o f  t h e  
d i - p r o t o n  w i th  i t s  s p in s  a n t i - p a r a l l e l .  In  a d d i t i o n  a  s p in  f l i p  o f  
t h e  n e u t ro n  w o u ld  be  u n fa v o re d  s in c e  t h e r e  i s  no s p in  o r b i t  d ep en d en ce  
i n  t h e  d i s t o r t e d  wave c a l c u l a t i o n s  a n d , t h e s e  c a l c u l a t i o n s  seem  t o  f i t  
t h e  e x p e r im e n ta l  r e s u l t s  f a i r l y  w e l l .  T h a t i s ,  t h e y  f i t  i n  t h e  fo rw a rd  
d i r e c t i o n  a n d  t h a t  i s  u s u a l l y  s u f f i c i e n t  f o r  " s t r i p p i n g "  c a l c u l a t i o n s .
13
However t h e s e  (He , n )  r e a c t i o n s  do show e x tre m e ly  l a r g e  b ack  a n g le  
e f f e c t s  t h a t  a r e  g e n e r a l l y  n o t  p r e s e n t  i n  su ch  p r o p o r t i o n s  i n  ( d ,n )  
a n d  ( d ,p )  m e a su re m e n ts .
The " b e s t  f i t "  o p t i c a l  m odel p a r a m e te r s  a p p e a r  i n  T a b le  I I I .
W here e x c i t a t i o n  f u n c t io n s  w ere  c a l c u l a t e d ,  t h e  o p t i c a l  m odel p a r a m e te r s  
u s e d  w ere  t h e  o n es  t h a t  b e s t  d e s c r ib e d  t h e  a n g u la r  d i s t r i b u t i o n s  f o r  
t h e  r e a c t i o n .  The f a c t  t h a t  t h e  W oods-Saxon " w e ll"  f o r  t h e  im a g in a ry  
p a r t  o f  t h e  o p t i c a l  p o t e n t i a l  f i t t e d  t h e  e x p e r im e n ta l  c u rv e s  a s  w e l l  
a s  t h e  s u r f a c e  G a u ss ia n  p ro b a b ly  m eans t h a t  t h e  r e a c t i o n  t a k e s  p la c e  
e s s e n t i a l l y  on t h e  s u r f a c e  s in c e  t h e  G a u s s ia n  i s  q u i t e  d i f f e r e n t  i n  t h e  
i n t e r i o r  r e g io n  o f  t h e  n u c l e u s ,  w h i le  th e y  a r e  q u i t e  s i m i l a r  i n  t h e  
s u r f a c e  r e g io n  (Ag 6 0 ) .
S in c e  t h e  r e a c t i o n  ( a s  p r e v io u s l y  d e s c r ib e d )  i s  t r e a t e d  a s  a  
p e r t u r b a t i o n  o f  t h e  e l a s t i c  s c a t t e r i n g  o f  t h e  H e ^ 's  t h e  a p p ro x im a te
TABLE I I
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SPIN AND PARITY ASSIGNMENTS
ENERGY LEVEIS OF B9
Ex i n  B^ J 71 ( p r e v io u s ) J n ( d i s to r t e d - w a v e )
0 >  l / 2 1 / 2 “ -> 7 / 2 "
ENERGY LEVEIS OF C11
Ex i n  C^" Jn ( p r e v io u s ) J n ( d i s to r t e d - w a v e )
0 ( 3 / 2 ' ) 1 / 2 “ -> 7 / 2 “
1 .9 9 ( 3 / 2 “ - * 9 / 2 " ) l / 2 _ -> 7 / 2 "
h . 2  6 ( 3 / 2 " - > 9 / 2 " ) 1 /2 "  -> 7 / 2 “
4 .7 5 ( 3 /2 "  - > 9 / 2 “ ) None
6 .5 0 ( 3 /2 "  -> 9 /2 " ) 3 /2 "
ENERGY LEVELS OF 015
Ex i n  015 j n ( p r e v io u s ) J n ( d i  s t  o r t  e d -w av e )
0 ( 1 / 2 ) " 1 / 2 "
6 . l 6 - 3 / 2 " 5 /2 + -> 7 / 2 +
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TABLE I I I  
OPTICAL MODEL PARAMETERS
R e a c tio n V 3 
HeJ W 3He r °He3 r c He3 a  3HeJ
W- n Vn r °n
a n
B e ^ H e ^ n J C 11 62 50 1 .6 0 1 .3 0 .7 0 6 .0 40 1 .4 5 .4 0
Id 7 (H e3 ,n )B ? 40 50 i . 6 o 1 .3 0 .7 0 6 .0 40 1 .4 5 .4 0
CI 3 (He3 ,n ) 0 15 80 30 l . 8o 1 .3 .7 0 6 .0 40 1 .4 5 .4 0
C1 2 (He3 ,n ) 0 lJ+ 8o 30 1 .8 1 -3 .7 0 6 .0 40 1 .4 5 .4 0
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v a lu e s  o f  t h e  o p t i c a l  m odel p a r a m e te r s  w ere  ta k e n  fro m  s e v e r a l  s o u r c e s  
(Ag 6 0 , Gr 6 l ,  Ho 6 0 ) .  The a p p ro a c h  u s e d  t o  f i t  t h e  d a t a  was t o  f i r s t  
e s t a b l i s h  t h e  r e l a t i v e  s e n s i t i v i t y  o f  t h e  c a l c u l a t e d  c u rv e  t o  e a c h  o f  
t h e  p a r a m e te r s .  N ext t h e  v a r i a t i o n  o f  tw o  o r  m ore p a r a m e te r s  was 
t r i e d ,  e t c .  I t  i s  e a s y  t o  s e e  t h a t  t h e r e  a r e  many p o s s i b i l i t i e s  a n d  
c o m b in a tio n s  i n  t h i s  t e n  d im e n s io n a l  p a r a m e te r  s p a c e .  P e rh a p s  ( a t  
t h i s  p o i n t )  t h e  j u s t i f i c a t i o n  o f  t h e  200 ru n s  seem s more p ro fo u n d .
In  o r d e r  t o  n o rm a l iz e  t h e  c a l c u l a t e d  a n g u la r  d i s t r i b u t i o n s  t o  
t h e  m e a su re d  c u rv e  th e y  w ere  m u l t i p l i e d  by  a  f a c t o r  S ^ . I n  o r d in a r y  
d e u te ro n  s t r i p p i n g  c a l c u l a t i o n s  t h i s  q u a n t i t y  i s  t h e  r e d u c e d  w id th .
F o r  d i - p r o t o n  s t r i p p i n g  c a l c u l a t i o n s  i t  l o s e s  i t s  m ean ing  s in c e  i t  
i s  r e a l l y  t h e  p r o d u c t  o f  t h r e e  re d u c e d  w id th s  a n d  t h e r e f o r e  n o th in g  
e x p l i c i t  c a n  b e  s a i d  a b o u t i t s  m ean in g .
F ig u re  37 shows t h e  c a l c u l a t e d  a n g u la r  d i s t r i b u t i o n  o f  t h e  
g ro u n d  s t a t e  n e u t ro n s  fro m  B e^(H e^,n )C '*"\ The £ -  2 d i s t o r t e d  wave 
c a l c u l a t i o n  seem s t o  f i t  t h e  e x p e r im e n ta l  p o i n t s  b ack  t o  a b o u t 105° .
From t h i s  d e s c r i p t i o n  a  s p in  a n d  p a r i t y  a s s ig n m e n t o f  ( l / 2 ~  - > j / 2  ) 
w as made f o r  t h i s  s t a t e .  On t h e  same c u rv e  i s  shown t h e  £ =  2 p la n e  
wave c a l c u l a t i o n s .  I t  i s  e v i d e n t ,  a s  m e n tio n e d  p r e v io u s l y  t h a t  t h e  
p la n e  wave c a l c u l a t i o n s  c o u ld  n e v e r  be made t o  f i t  t h i s  a n g u la r  d i s t r i ­
b u t i o n .  The £ = 0 d i s t o r t e d  wave c u rv e  i s  shown on t h e  c u rv e  f o r  com -
11p a r i s o n .  F ig u r e s  38 a n d  39 ( t h e  f i r s t  a n d  s e c o n d  e x c i t e d  s t a t e s  o f  C ) 
a r e  a l s o  f i t t e d  w i th  a n  £ -  2 t r a n s f e r .  The o p t i c a l  m odel p a r a m e te r s  
u s e d  f o r  t h e s e  e x c i t e d  s t a t e s  a r e  t h e  same a s  t h o s e  f o r  t h e  g ro u n d  
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Fig . 37. C alculated  Angular D istribution for Ground State Neutrons from Be9 (He3 ,n )C ^  a t VO
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Fig . 38. C alculated  Angular D istribution for 1st Excited S tate Neutrons from B e’ tH e^nJC 1 *
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Fig. 39. C alculated Angular D istributions for 2nd Excited State Neutrons from B e9(He3 ,n)C ’ 1




F ig u r e  40 shows t h e  c a l c u l a t i o n s  f o r  t h e  t h i r d  e x c i t e d  s t a t e  g ro u p . I t  
i s  o b v io u s  t h a t  no s p in  a s s ig n m e n t s h o u ld  be  v e n tu r e d  on t h e  b a s i s  o f  
t h e  f i t s  t h a t  a r e  shown. H ow ever, i t  s h o u ld  b e  p o in t e d  o u t  t h a t  ch an g e s  
made i n  t h e  n e u t r o n  c h a n n e l f o r  t h e  o p t i c a l  p o t e n t i a l  w ou ld  b e  j u s t i ­
f i a b l e  f o r  t h e  e x c i t e d  s t a t e s  an d  t h e s e  ch a n g e s  (w hen th e y  a r e  m ade) 
m ig h t g iv e  b e t t e r  a g re e m e n t f o r  t h i s  g ro u p . F ig u r e  4 l  shows t h e  
im provem ent o f  t h e  d i s t o r t e d  wave £ = 0 t r a n s f e r  o v e r  t h a t  fro m  p la n e  
w aves f o r  t h e  f o u r t h  e x c i t e d  s t a t e  i n  C ^ .  O th e r  £ v a lu e s  a r e  shown on 
t h e  c u rv e  f o r  c o m p a riso n . W ith  t h e  £ = 0  f i t  an  a s s ig n m e n t o f  3 /2  was 
made f o r  t h i s  s t a t e .
F ig u r e s  4 2 , 4 3 , 4 4 , 4 5 , a n d  46 show t h e  c a l c u l a t i o n s  made f o r  
C'L̂ (H e ^ ,n )0 ’*'''* r e a c t i o n .  F ig u re  42 shows a n  a t te m p t  t o  c a l c u l a t e  t h e  
sh ap e  o f  t h e  e x c i t a t i o n  f u n c t i o n  f o r  t h e  g ro u n d  s t a t e  n e u t ro n s  a t  0 ° ,
The p a ra m e te r s  u s e d  w ere  t h o s e  w h ich  b e s t  d e s c r ib e d  t h e  g ro u n d  s t a t e  
a n g u la r  d i s t r i b u t i o n  ( F ig .  4 4 ) .  I t  i s  i n t e r e s t i n g  t o  n o t e ,  t h a t  w h ile  
t h i s  c u rv e  d o es  n o t  r e p ro d u c e  t h e  sh ap e  o f  t h e  m e a su re d  e x c i t a t i o n  
f u n c t i o n  ( in d e p e n d e n t  o f  t h e  r e s o n a n c e )  t h e  $ 0 °  d a t a  ( F ig .  4 3 ) can  
be f i t t e d  q u i t e  w e l l  w i th  t h e  same p a r a m e te r s .  I t  w ou ld  seem , from  
t h e  a rg u m e n ts  p r e s e n te d  i n  C h a p te r  I ,  t h a t  t h e  0 °  d a t a  s h o u ld  b e  m ore 
e a s i l y  f i t t e d  w i th  d i r e c t  i n t e r a c t i o n  th a n  t h e  lo w e r  e n e rg y  n e u t ro n s  
a t  9 0 °•  F ig u re  44 shows t h e  c a l c u l a t e d  a n g u la r  d i s t r i b u t i o n  f o r  t h e  
g ro u n d  s t a t e  n e u t r o n s .  The £ = 0 d i s t o r t e d  wave c u rv e  re p ro d u c e s  
t h e  minimum a t  4 5 °  a n d  t h e  g e n e r a l  sh ap e  o f  t h e  c u rv e  i s  c o r r e c t .
From t h i s  f i t  a n  a s s ig n m e n t o f  l / 2 ~  was made f o r  t h e  g ro u p . I t  i s  
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F ig . 40. C a lcu la ted  Angular D istribution  of 3rd E xcited  S tate N eutrons from B e9 (H e3 ,n )C 1 3
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Fig. 41. C alculated  Angular D istributions for 4th Excited S tate Neutrons from Be9 (He3 ,n )C ' 1 g
a t H - ”  2.1 Mev. -pr
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Fig. 44. C alcu la ted  Angular D istribution  (or Ground S tate  Neutrons from C 13(H e3 ,n )0 1 s a t 
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Fig. 46. C alculated Angular D istribution for 3rd Excited S tate Neutrons for C 13 (He3 ,n)Q 15 ( 3
a t E ,  2 .66 Mev. ^
H .
1 1 0
t r y i n g  t o  p eak  i n  t h e  b ack  a n g le s  ( a s  t h e  e x p e r im e n t d o e s )  w h i le  t h e  
p la n e  wave b a c k  a n g le  a m p li tu d e s  a r e  much lo w e r .  I n  o r d e r  t o  i n v e s t i g a t e  
t h e  ch an g e  i n  t h e  sh ap e  o f  t h e  e x c i t a t i o n  f u n c t i o n  a s  0 w as v a r i e d ,  t h e  
c a l c u l a t i o n s  i n  F ig .  45 w ere  m ade. The p a ra m e te r s  u s e d  w ere  t h o s e  
w h ich  gave t h e  b e s t  f i t  t o  t h e  g ro u n d  s t a t e  a n g u la r  d i s t r i b u t i o n .  The
e x c i t a t i o n  f u n c t i o n  i s  s e e n  t o  ch an g e  sm o o th ly  fro m  0°  down t o  i t s
v a lu e  a t  4 5 °  a n d  th e n  b ack  u p  a t  9 0 ° . F ig u r e  46 shows t h e  c a l c u l a t e d  
a n g u la r  d i s t r i b u t i o n s  f o r  t h e  t h i r d  e x c i t e d  s t a t e .  The Z = 3 t r a n s f e r  
i s  s e e n  t o  f i t  t h e  e x p e r im e n ta l  c u rv e  f a i r l y  w e l l .  From t h e  Z = 3 
t r a n s f e r  a n  a s s ig n m e n t o f  ( 5 / 2+ 7 / 2+ ) w as made f o r  t h i s  s t a t e .
F ig u r e s  47 a n d  48 show t h e  c a l c u l a t i o n s  f o r  t h e  L i^(H e~^,n)B? 
r e a c t i o n .  I n  F ig .  4-7 a n  a t te m p t  h a s  b e e n  made t o  c a l c u l a t e  t h e  sh ap e  
o f  t h e  e x c i t a t i o n  f u n c t i o n  f o r  t h e  g ro u n d  s t a t e  g ro u p . The e x p e r i ­
m ental. c u rv e  seem s t o  show a  b ro a d  r e v e r s a l  o f  s lo p e  fro m  2 .2  t o  2 .7  
Mev w h i le  t h e  s t r i p p i n g  c a l c u l a t i o n s  r i s e  m o n a to n ic a l ly .  H ow ever, i t  
s h o u ld  b e  r e - s t a t e d  h e r e ,  t h a t  t h e  c a l c u l a t e d  sh a p e  o f  t h e  f o u r  body
co n tin u u m  (B9 -» He^ + He^ + n  + p )  i s  n o t  known a n d  t h e  b a c k g ro u n d  s u b ­
t r a c t i o n  ( r e c a l l ,  a  s t r a i g h t  l i n e  e x t r a p o l a t i o n  o f  t h e  c o n tin u u m  was 
u s e d )  c o u ld  p ro d u c e  a  c o n s id e r a b le  e r r o r .  F ig u re  48  shows t h e  c a l c u l a t e d  
a n g u la r  d i s t r i b u t i o n  f o r  t h e  g ro u n d  s t a t e  n e u t r o n s .  I n  t h i s  f i g u r e  i t  
c a n  b e  s e e n  t h a t  t h e  d i s t o r t e d  wave c a l c u l a t i o n  f i t s  t h e  d a t a  q u i t e  
w e l l  b ack  t o  1 00 °  w h i le  t h e  p la n e  wave c u rv e  i s  n o t  a t  a l l  d e s c r i p t i v e  
o f  t h e  e x p e r im e n ta l  r e s u l t s .  From t h e  Z = 2 t r a n s f e r  a n  a s s ig n m e n t o f  
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F ig . 48. C alcu la ted  Angular D istribution  for L i7(He3 ,n )B 9, Ground S tate  N eutrons a t
E  ,  ■= 2.1 Mev.
H .
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F ig u r e  k-9 shows an  a t te m p t  t o  c a l c u l a t e  t h e  a n g u la r  d i s t r i b u t i o n
12 ^ 1 +̂
f o r  t h e  g ro u n d  s t a t e  n e u t ro n s  from  t h e  C (He ,n ) 0  r e a c t i o n  ( t h e  
e x p e r im e n ta l  p o in t s  w ere  t a k e n  by G ale  (Ga 6 0 ) a t  M a n c h e s te r ) .  The 
o p t i c a l  m odel p a r a m e te r s  u s e d  w ere  t h e  ones t h a t  b e s t  d e s c r ib e d  o u r 
C ^ ( H e ^ , n ) 0 ^  g ro u n d  s t a t e  a n g u la r  d i s t r i b u t i o n  (T a b le  I I I ) .  The 
d i s t o r t i o n  e f f e c t s  seem t o  p ro d u c e  a  se c o n d  maximum w h ich  i s  n o t  i n  
t h e  e x p e r im e n ta l  d a t a .  P la n e  wave c a l c u l a t i o n s  w i th  a n  Z = 0 t r a n s f e r  
w ere  a l s o  made f o r  t h e  r e a c t i o n .  The c u rv e  i s  n o t  shown s in c e  i t  
a lm o s t e x a c t l y  r e p ro d u c e s  t h e  d o u b le  s t r i p p i n g  c u rv e .
I n  su m m ariz in g  t h e  d a t a  an d  c a l c u l a t i o n s  I t  m ig h t be s a i d  t h a t  
i n  g e n e r a l  t h e  d i s t o r t e d  wave c a l c u l a t i o n s  c a n  be  made w h ich  d e s c r ib e  
t h e  e x p e r im e n ta l  c u rv e s  i n  t h e  fo rw a rd  d i r e c t i o n .  On t h e  b a s i s  o f  
t h e s e  f i t s  t h e  t e n t a t i v e  a s s ig n m e n ts  w ere  m ade. T hese  a s s ig n m e n ts  a r e
i n  a g re e m e n t w ith  p r e v io u s  m easu rem en ts  i n  a l l  c a s e s  e x c e p t f o r  t h e
15t h i r d  e x c i t e d  s t a t e  i n  0 . C e r t a i n l y  m ore m easu rem en ts  m ust b e  made
b e f o r e  d e f i n i t e  c o n c lu s io n s  c a n  be r e a c h e d  a b o u t t h e  d i s to r t e d - w a v e  
d e s c r i p t i o n  o f  t h e s e  r e a c t i o n s .  I n  a d d i t i o n  a t te m p ts  s h o u ld  be made 
t o  p e r fo rm  o th e r  ty p e s  o f  c a l c u l a t i o n s  f o r  t h e s e  (He ,n )  r e a c t i o n s .  
C e r t a i n l y  t h e  re s o n a n c e  i n  t h e  C ^ ^ H e ^ jn JO 1 ^ r e a c t i o n  I n d i c a t e s  t h a t  
some "compound n u c le u s "  i s  p r e s e n t .  A lso  a s  m e n tio n e d  p r e v io u s l y ,  
t h e r e  m ig h t be  a p p r e c ia b le  "h eav y  p a r t i c l e "  s t r i p p i n g  a m p li tu d e s  
p r e s e n t .  I n  a lm o s t e v e ry  c a s e  t h e r e  a r e  l a r g e  back  a n g le  c r o s s  s e c t i o n s  
w h ich  w ou ld  te n d  t o  f a v o r  t h i s  m odel. G ale  (Ga 6 0 ) h a s  p o in t e d  o u t  t h a t  
"knock o n "  c a l c u l a t i o n s  c a n  be  u s e d  t o  d e s c r ib e  t h e  C"*"^(He^,n)0^  
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Fig . 49. C alcu la ted  Angular D istribution  for Ground S tate N eutrons from C 1 z (H e3,n )0 14 a t 
4  Mev.
c h a n n e ls  o f  a p p ro a c h  w h ich  d e s e r v e  i n v e s t i g a t i o n  b e f o r e  d e f i n i t e  c o n ­
c l u s i o n s  c a n  be  r e a c h e d .  H ow ever, i t  s h o u ld  b e  p o in t e d  o u t  a g a i n ,  t h a t  
i f  t h e  (He , n )  r e a c t i o n s  c a n  b e  d e s c r ib e d  i n  te rm s  o f  t h e  m odel 
p r e s e n t e d  i n  t h i s  t h e s i s ,  th e n  a  s t r o n g  s p e c t r o p i c  t o o l  h a s  b e e n  d e ­
v e lo p e d  w h ich  c a n  be  u s e d  t o  make s p in  an d  p a r i t y  a s s ig n m e n ts  t o  many 
o f  t h e  p r o to n  r i c h  n u c l id e s  w h ich  a r e  v i r t u a l l y  i n a c c e s s i b l e  from  o th e r  
r e a c t i o n s .
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APPENDIX
AVERAGE ANGLE OF SCATTERING AND ENERGY FOR THE 
(n ,C 1 2 ) AND ( n ,p )  CROSS SECTIONS
I -  (n ,C 1 2 ) CASE
The k in e m a t ic s  f o r  t h i s  r e a c t i o n  c a n  b e  s o lv e d  t o  g iv e  th e
a v e ra g e  e n e rg y  (E* ) o f  t h e  s c a t t e r e d  n e u t r o n s .  T h is  v a lu e  i s  g iv e n  a v
b y ;
Ea v  = h i  I E ' ^  2 n  s in S  d® '
■where E'(e) i s  e n e rg y  o f  t h e  s c a t t e r e d  n e u t r o n s  a s  a  f u n c t i o n  o f  a n g le . 




r  1 + ' m J  + 2 VM c o s ® *5 sln O  d© (5 0 )
12w here  m i s  t h e  m ass o f  t h e  p r o t o n ,  M i s  t h e  m ass o f  C , a n d  Eq i s  th e  
e n e rg y  o f  t h e  i n c i d e n t  n e u t r o n .
T h is  i n t e g r a t i o n  g i v e s ;
E* = .857  E . (5 1 )a v  o
Now s u b s t i t u t i n g  E* b a c k  i n t o  t h e  a p p r o p r i a t e  k in e m a t i c  e q u a t io noiy
g i v e s ;
e = 90°  . ( 5 2 )a v  v
122
I I .  ( n ,p )  CASE
F o r  ( n , p )  s c a t t e r i n g  t h e  c e n t e r  o f  m ass a n g le  i s  tw ic e  t h e  
l a b o r a t o r y  a n g le .  t h e r e f o r e  t a k e s  t h e  f o l lo w in g  fo rm ;
E
K v  ■= 5!  /  I  t 1  + C0S 29L> E ln 9 L deL • (5 3 )
The i n t e g r a t i o n  g iv e s ;
E
Eiv '  2s  • (5*0
I f  a n  i s o t r o p i c  d i s t r i b u t i o n  i n  t h e  c e n t e r  o f  m ass s y s te m  i s  assum ed  
th e n ;
E
~  i  ( l  + cos© ) . (5 5 )E 2  '  cm 'o
S o lu t i o n  o f  t h e  ab o v e  e q u a t io n  g iv e s  a  c e n t e r  o f  m ass a n g le  o f  9 0 °  or  
a  l a b  a n g le  o f  ^ 5°*
V IT A
Jerom e L ew is Duggan w as b o r a  A u g u st 4 , 1933* in  C olum bus, O h io .
He a t t e n d e d  p u b l i c  s c h o o ls  i n  O hio a n d  T e x a s , g r a d u a t in g  i n  1952 fro m  
D en iso n  H igh  S c h o o l i n  D e n iso n , T e x a s .
He e n t e r e d  N o rth  T ex as S t a t e  C o lle g e  a n d  r e c e iv e d  h i s  B a tc h e lo r  
o f  A r t s  d e g re e  w i th  a  d o u b le  m a jo r  i n  p h y s ic s  a n d  m a th e m a tic s .  He 
e n t e r e d  g r a d u a te  s c h o o l  a t  N o rth  T exas S t a t e  a n d  r e c e i v e d  h i s  M a s te r  
o f  A r t s  d e g re e  i n  p h y s ic s  i n  A u g u st 1 956 .
From S ep te m b er 1956 u n t i l  A u g u st 1957* tie w as a n  i n s t r u c t o r  
i n  t h e  D ep artm en t o f  P h y s ic s  a t  N o r th  T ex as  S t a t e  C o l le g e .
In  S ep te m b er 1957* tie e n t e r e d  g r a d u a te  s c h o o l  i n  t h e  D ep artm en t 
o f  P h y s ic s  a t  L o u is ia n a  S t a t e  U n i v e r s i t y .  I n  S ep te m b er 1959* h e  r e c e iv e d  
a  G ra d u a te  F e l lo w s h ip  from  t h e  Oak R id g e  I n s t i t u t e  o f  N u c le a r  S tu d ie s .  
T h is  F e l lo w s h ip  e n a b le d  h im  t o  do h i s  r e s e a r c h  a t  t h e  Oak R id g e  N a t io n a l  
L a b o ra to ry .
He i s  p r e s e n t l y  a  c a n d id a te  f o r  t h e  d e g re e  o f  D o c to r  o f  P h ilo s o p h y .
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